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L. PROGRAM OBJECTIVES

The objective of the study program is to devise and investigate light-
weight and compact antennas which are capable of forming multiple simultaneous
independent beams within a limited spatial sector. Any one or more of these
beams within the coverage sector should be accessible at any instant with good
isolation between them. In addition, these multiple beam, limited scan

antennas must meet the following specifications:

Beamwidth 1°
Scan Coverage Sector 8° half angle cone
Antenna Gain Drop-off
due to Scanning <3 dB
Antenna System Losses minimum
Antenna Depth = aperture diameter

In order to accomplish the above objective, the program has been
divided into the following four tasks:

1 Array element and subarray pattern control.

2, Multiple beamforming network design.

3l Beam switching matrix study.

4, Comparative analysis of system complexity and performance,




IL. OVERVIEW OF THE STUDY PROGRAM

Among the many antenna techniques which are capable of providing
multiple beam-limited scan operation, the overlapping subarray in conjunction
with a stacked-pillbox multiple beam lens has been demonstrated by extensive
analysis that it can meet the design goals as delineated. It has the capability of
grating lobe control by means of overlapping subarray pattern shaping. It has the
flexibility of designing for a specified number of simultaneous independent beams
so that the network complexity can be controlled for a limited number of these
simultaneous beams. The use of stacked pillbox as multiple beamformer provides
high beamforming efficiency, simplified multiple beam network design, and
frequency-independent beam pointing for all multiple beams. This feature of
frequency independence is very attractive for synchronous satellite to ground
communication systems.

This study program is comprised of two parts: analytical investigation
and experimental verification of the technique by a one-dimensional linear array.
The analytical investigations include: (1) sidelobe control by overlapping sub-
array and various methods of amplitude tapering, (2) the use of block feeding in
the multiple beamforming matrix design, (3) the influence of crossover level
on sidelobe ratio and beam coupling losses, (4) design of multiple beam matrices,
and (5) beam switching matrix design. The use of block feeding in the multiple
beamforming matrix design has been demonstrated to be a very effective means
of sidelobe control. The beam switching matrix design to provide a specified
number of simultaneous beams has been investigated. The impact of block feeding
on the beam switching matrix design has also been identified.

To establish the validity of the analytical results as presented herein,

a one-dimensional model of a typical design has been constructed and measure-

ments were performed on the far field patterns, subarray patterns, and aperture




distributions. These measured data are correlated with analytical projections
based on the method of analysis used in the present study.

In addition, typical overall designs have been worked out for systems
with 8 or 16 simultaneous beams and certain restrictions on multiple beam

independence.




II1. ARRAY ELEMENT AND SUBARRAY PATTERN CONTROL

A, Principle of Operation of Overlapping Subarray

The basic principle of an overlapping subarray is illustrated in Figure
IlI.1.b. For the purpose of comparison, a conventional subarray antenna
approach is shown in Figure III,1.a, The overlapping subarray is similar to
the conventional subarray in which a phase shifter is used to control the phase of
a group of radiating elements within the antenna array. Each radiating element
in the overlapping subarray is fed by the inputs from two or more subarrays
instead of from one subarray as in the case of the conventional subarray
antenna. In so doing, the overlapping subarray is very effective in controlling
the subarray pattern shape to suppress the grating lobes in the array factor
formed by the large spacing (several wavelengths) between the subarrays. In
the example of Figure IlI,1.b, each subarray consists of ten elements. For a
given subarray, the five branch lines of the right half of one subarray and the
five branch lines of the left half of the adjacent subarray to the right are com-
bined in a set of couplers before coupling into the radiating elements. Ina
similar manner, the five branch lines to the left half of the subarray are
combined with the five branch lines of the right half of the subarray to the left.
As a result, the subarray aperture size is twice as large as the subarray
spacing and twice as large as the aperture size of the conventional subarray
shown in Figure III,1.a. This overlapping causes the aperture illumination of
each subarray to overlap with its two adjacent neighbors as shown in Figure
III.1.b. In the example as shown in Figure III.1.b, a triangular illumination
function for each subarray is assumed. A more general illumination function

can be employed for an even more effective pattern control. The net sum of
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these superimposed illumination functions, when the input signals to the
subarrays are inphase, yields a uniform illumination function across the array
aperture as in the case of a conventional phased array. This is a necessary
condition in order to achieve a lossless operation for the broadside beam.,

Since the illumination function for each subarray is triangular, the subarray
pattern is (sin U/U)2 in form, where U = kD sin g. The first null of this subarray
pattern is located at the same angular position as that of the first grating lobe of
the array factor since the aperture size of the subarray is twice as large as the
subarray spacing. Furthermore, the subarray pattern does not rise steeply

on either side of the null position since the slope of the subarray;' function is also
zero at the null position, thus, allowing the suppression of the grating lobe over
a wide angular scan coverage. The effectiveness of the overlapping subarray
can be viewed from the standpoint of phase interpolation. k When the array is
scanned, the resultant phase at each element, due to the combined signals from
two subarrays, assumes a value between the phase values of the two subarray
phase shifters. If the relative amplitudes of the individual signals from the two
phase shifters are selected properly in accordance to the element location within
the subarray, the phase of the combined signal at the elements may assume a
fairly linear function instead of the stepwise function of a conventional subarray
antenna. This smoothing effect provides great benefit in suppression of grating

lobes due to the large spacing between adjacent subarrays.

B. Design of the Coupling Network

The design of the coupling network at each element for a lossless
operation is dependent upon the illumination function selected for each subarray.
The selection of the illumination function is not completely arbitrary, only

functions with the property indicated by the following formula would result in a




lossless operation for the broadside beam. This formula is given by:

Ax) +A (x - g) = constant

in which A(x) is the illumination function and p is the subarray aperture length.
It is apparent that the triangular function satisfies the above condition, Other
functions with the above characteristics include the cosine square on a pedestal.
The best choice of the illumination function is dependent on the subarray size
and the range of scan ang:les. 3

For the purpose of describing the design of the coupling network in
detail, a sample case is shown in Figure III. 2 in which three subarrays are
shown: Subarrays A, B, and C. In general, for a given element in a subarray
such as element d of Subarray A, the amplitude weighting coefficient may be
denoted as A(x). Element d is also shared with Subarray B in which the
amplitude weighting coefficient can be denoted as A(x-P). P is the subarray
aperture length. The condition of the sum of the amplitudes being constant
assures that the superimposed aperture distribution is uniform across the array
corresponding to maximum broadside gain. The choice of the coupling coefficients
for the power divider and the corporate feed is not arbitrary. They must be

selected to meet the following conditions:
A(x) + B(x) = 2/N (3-1)
(W00 12+ [Wey 12 =1 (3-2)

in which

A(x) is the partial field at the radiating element caused by a unit wave

at Subarray A,
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B(x) is the partial field at the radiating element caused by a unit

wave at Subarray B, and

w q(x) and WB(X) are coupling coefficients of the power divider.

Define the coupling coefficients of corporate feed for Subarray A as a(x) and for

Subarray B as B(x).
Ax) = &x) W (x)

B(x) = 8(x) W (x)

Substituting these relationships into equation in Condition (3-1) gives the

following:
ax) Wofax) + 3(x) W) = ZN
Condition (3-2) can be satisfied if we let:
B o
Ax) = 7 Wg)
2o
Bx) = J W3(x)
Thus,
AR =§ W o2

or,

W00l = ‘/"}A(x) (3-3)
ox) = ‘/ —?\, A(x) (3-4)




Equations (3-3) and (3-4) give the coupling coefficients once the amplitude
weighting coefficients are specified.

The above conditions assure a lossless operation for the broadside
beam case; however, there will be losses in the coupling network when the beam

is scanned away from broadside.

€. Two Dimensional Overlapping Subarray Implementation

The implementation of the overlapping subarray concept to meet the
requirements of the multiple beam limited scan antenna as delineated previously
is depicted in Figure III. 3. Linear overlapping subarrays are first formed in
the manner as shown in Figure III.1.b. The inputs to these linear overlapping
subarrays are then regarded as outputs of the overlapping subarrays in the
orthogonal plane. Thus, each input terminal of the resultant two dimensional
overlapping subarray transmits signals to 8 x C radiating elements in a square
area, and the adjacent overlapping subarrays are spaced four elements apart.

As a consequence, each radiating element may receive signals from four sub-
array inputs so that phase interpolation may be obtained in both principal planes.
As shown, the number of subarrays is one-sixteenth of the total number of
effective number of elements in the planar array. The design of a multiple
beam matrix to process the signals at the subarray level is much simplified

due to reduced number of channels. As shown in Figure Ill. 3, a two -dimensional
Butler matrix is assumed to be the multiple beamforming network. Other
multiple beamforming devices may prove more suitable, For example, the
linear Butler matrices as shown in Figure III. 4 may be replaced by a circular
pillbox if it is cumbersome to fabricate Butler matrix of excessive size. Another
possibility may be the substitution of the entire two-dimensional Butler matrix

by the HIHAT lens or the multiple beam constrained lens. Design of these

10

e e ——————————— — s - e - P ———




"SWVET LNFANHdIANI SNOINV.LTANIS HLIM AV VINS ONIddVTIIAO TYNOISNINIA-OML — € “TIT HMNDI1A

R
Wt
B

EASAE ] e
ERSLEREALY ) =
R ]
TNIHILIMS

AN UL

(SHI) MO RIWAVW W IL09)
AIHN04 WYIN FA LW

(sn3190 YLV s 31109)
HMIAMINDY HMMIT J L Inw

—_——

YIMIMW ONIWNOY _ 3 DNILAAW T MNIAD
VMIVIR 3wan

AVNHY SINS

AVHOIS 1 ot =y

HIAIMNA AAMo4 w31

AR AW ~ "
\.\ _ ot . U -_ﬂ|<| g
| BANAN AN WA Y RIS R ~N A g
/ DNIAAY 14380 A INN ~ R (] e
_ = - e i | " - 2%
ANUNVENS - ~ p
/ I e R ~)
% vt A
et oL bR 2
T e =BT :
e \
/ iy ,
/ -
(a)
\
/ \
/ \
/ \
- /, \
™ ). \
N\

INooOw
AVMNVANS 2'SvA Y

SHOLIVANAO Y
AMAMY  Qac -y
i

(auvon Imanns
WIMHOI MO MWOM L3N
N334 INIA4Y TN 1AD
TR HOLVINNH S NIV IND))
3 oow
INYAVANT  NSVav

N

SANIWINY
ONTIMINY H




lenses will be discussed in later sections, After these multiple beams are
formed, a switching matrix may be used to sclect the beams. Methods of
selection of any arbitrary set of beams has been worked out and will also be

discussed further.

B, Subarray Amplitude Distribution and Subarray Patterns

The overlapping subarray with two levels of overlap as shown in
Figure III. 1.b has been designed for the present application. The weighting
coefficients of the subarray can be selected to yield the best results on antenna
gain and grating lobe suppression. The best compromise results when the
grating lobes on both sides of the main beam are equalized at the scan limits.
For grating lobe level on the order of -20 to -25 dB, the weighting coefficients
of the subarray are given below:

Subarray Amplitude Distribution:

. 1875, .400, .600, .8125, .8125, .600, .400, .1875

The far field subarray patterns are shown in Figure III. 4 with element spacing
as a parameter, The grating lobe regions for +8° scan are also indicated in
the figure. The first sidelobe of the array pattern can be lowered by a slight
modification of the subarray amplitudes; therefore, the grating lobe level is
governed by the drop-off of the main lobe of the subarray pattern as indicated
by' the cross hatched area in Figure III.4, The loss in gain and grating lobe
level as derived from the subarray patterns are summarized in Figure [L.5. It
is quite clear that grating lobe levels of -20 to -25 dB are easily obtainable;
however, the element spacing must be less than 2.1\ in order to minimize the
loss in gain at scan limits to less than 3 dB. It is possible to reduce the gain lcss
further by reducing the element spacing. For example, gain loss of 1.5 dB can

be realized with element spacing of 1,5\, but the required number of subarrays

12




in each plane would increase by about 40 percent,

The network diagram of a three-level overlapping subarray is shown in
Figure III.6, The determination of the subarray amplitude distributions and
the network parameters for a given grating lobe level and gain reduction are
discussed in detail in Appendix A, The far field subarray patterns for a near
optimum set of subarray amplitudes are given in Figure III. 7 for various
element spacings. The loss in gain and grating lobe level are summarized in
Figure III.8. It is evident that the case of a three-level overlap improves the
loss in gain substantially, but the grating lobe suppression is significantly
reduced. For example, a grating lobe of about -13 dB is obtained for element
spacing of 2.1A (2.56 inches), and gain loss is only 0.5 dB. If a grating lobe
level of -20 dB is required, the element spacing must be reduced to about 1,6\
which increases the number of subarrays by 32 percent. These results indicate
that two-level overlap can provide better sidelobe control at the expense of some
gain loss, but the three-level overlap can provide good gain characteristics

at some sacrifice of sidelobe level.

13
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Variation of Maximum Loss in Gain and Grating Lobe with Element Spacing (Two-
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IV, MULTIPLE BEAMFORMING MATRIX (STACKED PILLBOXES)

AL Description of the Multiple Beamforming Matrix (Stacked Pillboxes)

Application of the stacked pillboxes as a multiple beamforming matrix
is illustrated in Figure IV.1, The mulitiple beamforming unit is comprised of
two sets of circular pillboxes which are identified as the column lenses and the
row lenses in the figure. Construction of each one of these pillboxes is shown
in Figure IV.2. Each pillbox provides a quasi-linear phase front at the output
terminals when a given feed array element is energized; thus, each feed array
clement to the row lenses as shown in Figure IV.1 generates a quasi-plane phase
front at the output terminals at the column lenses, The outputs of the column
lenses are connected to the N x N overlapping subarrays, which are arranged in
a square lattice. Since every input terminal to the row lenses excites all over-
lapping subarrays with various progressive phase distribution, each input
terminal is in fact a multiple beam input terminal of the multiple beamforming
matrix. The number of input terminals of the row lenses is M x M, which
corresponds to the number of beam positions within the desired coverage sector,

The circular pillbox is shown in Figure IV.2, Rotman2 has described
the operation of this device previously. Essentially, a feed horn illuminates
a circular reflector and the reflecied wave is received at the pick -up aperture,
The phase distribution at the aperture is linear superimposed by a spherical
aberration component. The circular reflector is folded to avoid feed blockage.
The parallel plate region between the circular reflector and the pick-up aperture
is folded once more to reduce the depth of the device and to locate the feed array
and the pick-up array at opposite sides with respect to each other. The slope
of the linear progressive phase distribution of each feed horn is dependent on

the position of the feed horn in the feed array. As shown in Figure IV.2, the
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feed horn, which is located at polar angle, &y from the center of the feed array
forms a linear phase front at the pick-up aperture with angle 8 - Because of
circular symmetry the shape of the phase error distribution due to spherical
aberration for all feed horns is similar., By appropriate selection of the design
parameters of the pillbox, the magnitude of the phase error can be controlled.
Design parameters of significance include the following:

Radius of circular reflector, R2
Radius of feed array, R1
Width of the pick-up aperture, D3

Since the beam pointing angle of the pick-up aperture is dependent on the location
of the feed horn, the spacing between the adjacent feed horns governs the

separation between adjacent beam positions,

B. Phase Error Distribution and the Feed Scan Angle

The amplitude and phase distribution of the multiple beamforming matrix
can be determined by tracing the signal flow through the network. Since all
column and row lenses are identical, the distribution is a separable function of
two variables; one term is given by the column lens and the other term is given
by the row lens.

The far field pattern as derived from this weighting function is also
separable in two principal planes. Consequently, the phase error from the row
lens affects the azimuth plane patterns; whereas the phase error from the column
lens affects the elevation plane patterns. For our present application, the row
lens and colurmn lens are identical to each other so that the phase error effect
can be studied by calculating the phase error distribution on only one of the

lenses,
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The phase error distributions on each column or row lens (circular
pillbox) have been calculated by the method of ray tracing. The results are shown
in the family of curves in Figure IV, 3., If we consider the useful portion of the
aperture as bounded by the points in which the phase error curve crosses the
axis, this aperture ratio, D3/(2R2), can be determined as a function of R2 for
a specified allowable phase error such as 10° or 20°. This relationship is
plotted in Figure IV,4.a. Figure IV.4,b gives the ratio of Rl/RZ for optimum
adjustment of the feed focusing to minimize phase eﬁors. It can be seen in
Figure IV, 4.a that a wider range of value of D3 and R2 can be chosen while the
spherical aberration effect is fairly small. For example, a possible set of
design parameters for phase error of 10° is listed below:

Maximum phase error within aperture (6) = 10°

Radius of circular reflector (R2) = 101

Width of pickup aperture (DB) =9.1A

Radius of feed array (Rl) =5.275A
The aperture width of the phased array is in the area of 50 to 65; therefore,
the size of the pillbox as given by the above set of parameters is rather small
when compared to the aperture size of the phased array.

As shown in Figure IV, 3, phase error distribution on the pickup
aperture varies with respect to the feed horn location or the beam position
even though the shape of the error curve remains the same. If the phase error
distribution does not vary a great deal for all beam positions of interest, a
Schmidt type of correction may be applied to reduce the phase errors, Let's
define the angle of normal to the plane wave at the pickup aperture as the feed
scan angle 81 This angle is identical to the horn location angle as mentioned

previously. This angle 1 is related to the scan angle of the phased array in
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the following manner:
(4-1)

in which

D4 is the aperture width of the phased array, and

8 is the scan angle of the phased array.
For the possible set of design parameters as mentioned, the feed angle exceeds
800, therefore, phase error control does not impose the lower limit on the
size of the pillbox in this case. The dependence of the feed scan angle on the
width of the pickup array is shown in Figures IV.5.a and IV.5.b. The first case
is a 1° beam phased array with almost uniform amplitude weighting, and the
second case is a 1° beam phased array with 30 dB Taylor weighting. If it is
desired to maintain feed scan angle at 30° or less, the width of the pickup
aperture is 14\ and 17X for these two cases, respectively. The reasons for
maintaining a small feed scan angle will be discussed further later on.

A possible set of design parameters for maximum feed scan angle of
30° is listed below:

Maximum feed scan angle, 8 = 30°

Amplitude taper on phased array = 30 dB Taylor

Width of phased array, D4 = 62\ (for i beam)

Width of pickup array, D, = 17.5A (see Figure IV.5.b)

3

Phase error before correction, 60 = 20° (see Figure IV.5.a)

Radius of circular reflector, R, = 20X (see Figure IV, 4.a)

i
Radius of feed array, R1 = 10.5X (see Figure IV,4,b)

It is possible to reduce the phase error by a Schmidt type of correction

at the pickup array. This error correction method requires insertion of line
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lengths equal to the negative of the average equivalent line length due to the
phase errors. This correction procedure has been carried out for the above
design. The phase error distributions before torrection and after correction
are shown in Figures IV,6.a and IV, 6.b, respectively. It is quite clear from
observation of the two error distributions that phase error over much of the
aperture is greatly improved, and the maximum phase error after correction
is less than half of the maximum phase error before correction. Thus, this
method of error correction is very effective and should be incorporated into
the circular pillbox design. In this case, the maximum phase error after
correction is only 8° which should permit realization of our sidelobe

objective of 20-25 dB.

(@ Aperture Distribution of the Pickup Array

il Analysis
The calculation is for the transmit mode of operation, and unity
power is incident on feed horn A as shown in Figure IV.7. The
calculation is performed in two steps: (a) field at reflector due to

feed array, (b) field at pickup array due to field on reflector,

(a) Computation of Field on Reflector
The reflector is divided into small segments of length dz.
The power received by any of these segments is given by:

_ 2
Py = 81,8

in which P.l is the incident power on feed horn, and is equal to 1.
g9 is the transmission coefficient from feed horn to a

small segment of reflector.

28



(A) BEFORE CORRECTION

20 | , —
' ] EDGE()FAPERTURE:
I { g1 =09 |
= o:
; | { V99 0 |
PHASE i [
ERROR, ? |
6 -
-20
-40
0 0 0.2 0.3 0.4 0.5
r/R2
(B) AFTER CORRECTION
1
0 “ 61=62=00 {
PHASE { ! {
ERROR, x
— — G S— — — — ‘
6 O !i_'—; i \\ | ‘ }
| | Y |
’ | 61 =300 N ’
‘ | 62:80 )
-10 | il
0 0.1 0.2 s 0.4 0.5

65315-7 (9.27-76)

FIGURE IV, 6 — PHASE ERROR DISTRIBUTION AFrTER SCHMIDT CORRECTION,

29




CIRCULAR
REFLECTOR
SURFACE (S3)

b

HORN
PATTERN

8¢

HORN
7

R2
Ry

Ri2

a1

R23

3|

S

PICKUP
APERTURE
(S3)

6-0501¢

Figure IV.7. Circular Pillbox Geometry for Analysis of Aperture Field




The determination of transmission coefficient is shown in

Appendix B (equation B-12), It is given below:

d,d
N e P 2 i
12
in which
d

1 is feed element spacing

d2 is spacing of sample points on reflector
S%(e ) is active power element pattern of feed horn

S‘;( er) is active power element pattern of a segment of
reflector and is equal to cos er, and R12 is the

distance between feed horn and the reflector 1.
The field on the reflector is given by:

-j2mR

w 12
ref~ ¢y 2 €
d,d -j2TR
= 172 12 e
(b) Computation of field on aperture of pickup arrav.

In this case, the contribution from each segment of the
reflector is computed and then summed to obtain the total field
at the aperture. Following the same procedure as part (a), the

field at any element in the pickup array is given as:

d,d -j2rR
u 23 23
Ep ¥ azll: Eret RZB/\ Sy(ep) S3(zp) y
(4-4)
segments
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in which

Ep is the wave amplitude at the pickup array element

d3 is the element spacing of the pickup array

ss(ep) is the active amplitude element pattern of the
pickup array, and

R23 is the distance between the pickup array and the

reflector.

The active element patterns 52(er) and 53( ep) can be
represented by cos 6. and cos ep, respectively; however, the
active element pattern of the feed horn Sl(ef) possesses more
directive patterns than the cosine function because of the large
spacing. An empirical formula has been developed for Sl(ef)
in Appendix C. Essentially, it still assumes the cosine function
over the scan range without grating lobes, and assumes faster

rolloff outside this range.

Numerical Results of a Multiple Bearm Overlapping Subarray
Antenna Design (Multiple Beamforming Matrix Comprised of
Stacked Pillboxes),

Based on the design data in Figures IV.3, IV.4, and IV.5,
an antenna design has been worked out to yield 1° beamwidth and
3 dB crossover between beams, The circular pillbox for this
antenna design is shown in Figure IV.8. The design parameters
are indicated in the figure. For this design, the analytical
formula as derived in the last section, was used to compute the

aperture distributions on the pickup array. The amplitude
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distributions as a function of scan are shown in Figure IV.9, and
the phase distributions as a function of scan are shown in Figure IV, 10.
The amplitude distribution is almost uniform for all scan angles;
therefore, the close-in sidelobes are in the -14 dB level, Because
the amplitude distribution rolls off sharply outside the pickup

array aperture, the spillover and mutual coupling loss in each
pillbox is only .57 dB. Because the multiple beamforming matrix
consists of two sets of pulboxés in cascade, the combined loss for
the multiple beamforming matrix is 1.14 dB. The spillover and
mutual coupling loss can be identified as beam coupling loss as

will be discussed further later on. Stein3 has computed the beam
coupling loss of a multiple beam antenna in which uniform distri-
bution is used for all beamms., He computed a value of 1,25 dB

(q2 = .75 in Figure 4 of Stein's paper) for crossover level of 3 dB
between beams. The phase error across the aperture is very

small which collaborates with the results obtained by ray tracing
previously. The far field patterns were computed from the aperture
distributions and are shown in Figure IV,11, In general, sidelobe
level of -14 dB is obtained for all beams, which is expected for

near optimum amplitude distributions.

b, Beam Coupling Loss and Its Dependence on Crossover Level

An excellent discussion of beam coupling in multiple beam antennas iias
been published by Stein. He defined the term, '"radiation efficiency' as the
fraction of power radiated from the feed. Radiation efficiency is denoted by
qi, k being the index of the multiple beam, 1 - ]qk I# represents the power loss

between the input terminal to the kth beam. We may identify this term as
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"beam coupling loss, " LK' Thus, for unity input power at the feed horn, the
radiated power from the antenna aperture is given as the portion of power
contained within the illumination angle. The balance is accountable by power
contained outside the illumination angle identifiable as "spillover loss' and
coupling from the feed array element to other radiating elements within the
array, which is identifiable as "mutual coupling loss." In the above view-
point, beam coupling loss is the sum of spillover and mutual coupling losses for
the stacked pillbox multiple beam antenna.

The power per unit arc length radiated by the feed horn into free space
as distance R from the feed is G(5)/(27R). The total radiated power contained
within illumination angle 2%, is

o)

1 PR i
Pr-[ 7= G(8) de = (4-5)

G(9) is the gain function of the feed array element.

The gain function of feed array element is given as

2"dl

G(e) = — S%(8)

The gain function and the active element pattern S(2) are discussed in Appendix B
and Appendix C, respectively. Substitute G(%) into equation (4-6), we obtain the

following:

+

2
dy TS (9 ds (4-6)

il

The above equation is rather instructive. If we assume that the feed array

clement spacing has been selected so that dl and S(2) are known, reducing the
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illumination half angle ¥ would reduce the radiation efficiency q2. This obser-
vation is obvious from the standpoint of spillover loss as small illumination
angle tends to increase the spillover loss of reflector antennas. The illumination
angle is a monotonic function of (D3/2R2); thus, increasing R2 after the feed
element spacing is fixed means increasing spillover loss and reduced radiation
efficiency. By going through similar line of argument, it can also be concluded
that increasing the feed element spacing dl after the circular reflector radius

R2 is fixed would tend to reduce spillover loss and increase radiation efficiency.
For the design in the last section, the beam coupling loss was determined to be
1.14 dB for a 1° bearnwidth antenna with 3 dB crossover between the adjacent
beams. Designs in which other feed element spacing is used so that crossover
level other than 3 dB is obtained have also been worked out. The beam separation
of these designs is given in Figure IV.12.a. The beam coupling loss is given

in Figure IV.12.b, The effect on beam coupling loss due to crossover level is
summarized in Figure IV,12,c. It is rather remarkable that beam coupling loss
depends principally on beam crossover, but not on feed element spacing of

pickup aperture size,

E. Method of Providing Amplitude Taper

When the feed array element spacing and circular reflector radius were
selected to yield a 2 to 4 dB crossover level between beams, the amplitude
distribution for each beam was almost uniform. The associated sidelobe level
is about 14 dB. It is obvious that a means to increase the amplitude taper is
required to yield a sidelobe level in the order of 20 dB or below. Three methods

are discussed below:
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Resistive Tapering

The first method is to use attenuators at the outputs of the pickup
aperture. Complete amplitude control is achieved with this method; however, the

extra loss incurred is very high as shown by Table IV. 1.

TABLE IV.1 — ADDITIONAL LOSS IN ANTENNA GAIN
DUE TO RESISTIVE TAPERING

Additional Loss in

Sidelobe Level Resistive Loss for Antenna Gain
(Taylor Distribution) One Level of Pillbox (2 Levels of Pillbox)
14 dB 0 dB 0 dB
20 2.1 4.2
25 27 5.4
30 3. 6.2

This additional loss is superimposed on the beam coupling loss as
given in the above table. For 25 dB sidelobe design in both planes, and about
3 dB crossover level, the total beam coupling loss is 6.5 dB. The spillover
and mutual coupling loss is 1.1 dB and the resistive tapering loss is 5.4 dB.
Stein has computed the beam coupling loss for the (1-r2) distribution in which
the first sidelobe is 24.6 dB. He obtained a beam coupling loss value of 3.2 dB
for 3 dB crossover level. It is quite clear that resistive tapering is not an

optimum method of achieving the desired sidelobe control.

Block Feeding

The second method is to use a block feeding technique in which two or
more feed array elements are excited together. As shown previously, a typical
feed array element produces nearly uniform distribution at the pickup aperture

with a feed scan angle 91. The adjacent element produces a similar amplitude
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distribution and feed scan angle (91 +S). S denotes the separation between
adjacent beams., When these two elements are excited simultaneously, the
resulting amplitude distribution is approximately a cosine function and the
combined feed scan angle is (91 o+ S'/2). Figures IV,13 and IV.14 show two
examples of the taper achieved by block feeding. In Figure IV.13, the beam
separation before block feeding is equal to one beamwidth of the single
element case., The edge taper in the amplitude distribution curve shown in
Figure IV.13 is almost equal to the 30 dB Taylor distribution. The computed
far field patterns shown in Figure IV,15 for this case indicate sidelobe levels
of about -22 dB, Figure IV, 14 shows the amplitude taper for the case with 1.23
beamwidths beam separation.

A stronger amplitude taper is produced in this case, The amplitude
distribution curve is below the 30 dB Taylor distribution; however, the sidelobe
level remains at about -22 dB because of the lack of precise control on the shape

of the amplitude distribution.

Combination of Block Feeding and Resistive Tapering

The third method of amplitude control is to use a combination of block
feeding and resistive tapering. Refer to Figures IV.13 and IV.14, The amplitude
taper at the edges due to block feeding is quite adequate, yet low sidelobe levels
are not produced because of the shape of the amplitude distribution. When these
amplitude distributions are compared with the Taylor distributions, the
difference between them is not great, Thus, it is permissible to trim the block-
fed amplitude distributions by resistive tapering to produce a low sidelobe design
without incurring large losses. The attenuator loss incurred in modifying the
amplitude distribution in Figure IV.13 to a 30 dB Taylor is about 1.4 dB as

compared to 6.2 dB when only resistive tapering is applied. In addition, the
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Figure IV.17. Beam Position Diagram with Block Feeding of Two Elements




loss component due to spillover and mutual coupling has also been virtually
eliminated by block feeding. The far field patterns of this design have been

computed and shown in Figure IV.16.

Crossover Level Between Beams when Block Feeding is Used

The beam crossover level and the beam coupling loss are dependent
on the manner with which the feed element are fed and selected by the beam
switching matrix., Figure IV.17 shows three possible ways of feeding. Beam
selection in Figures IV,17.a and IV.17.b is identical to the case before block
feeding is applied. Beam switching as indicated in Figure IV.17.c may be
incorporated in the beam switching matrix; therefore, the beam switching matrix
design for Figure IV,17.c is different from the first two cases. In Figure
IV.17.a, adjacent horns are block-fed together by a magic-tee. Beam separation
is given by the distance of two feed element spacings., The crossover level is
8 dB. Beam coupling loss is negligible because of the increase of directivity
of the block-fed illumination pattern.

In Figure IV.17.b, each feed horn is connected to tvio beam ports
through a 3 dB power divider. Beam separation is now given by one feed element
spacing, and the crossover level rises to 2 dB. The beam coupling loss is 3 dB,
which arises from the 3 dB power loss through the power divider.

In Figure IV.17.c, a feed horn may be switched to either one of the
adjacent two-beam combining hybrids. In one switching position, beam 1 is
generated. If one examines the switching operation in Figure IV,17.c closely,
it is apparent that this switching position prevents the formation of beam 2,

In general, selection of one beam prevents formation of the adjacent beams,

The crossover level between beams in Figure IV.17.c is 2 dB, and

the beam coupling loss attributed to spillover and mutual coupling is negligible.
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It is apparent that high crossover level can be obtained without incurring
large beam coupling loss in this block feeding approach.

An attempt was made to reduce the crossover level by increasing the
feed array element spacing. It should be noted that crossover levels of 2 to
4 dB can be obtained for the single feed horn case by means of varying element
spacing (see Figure IV,12.a. This attempt was unsuccessful for the block
feeding case because the crossover level remains at 2 dB when element spacing
is increased to 0.72\. The limitation on crossover level due to this method of
block feeding can be explained by referring to Figure IV.18, in which the
aperture distributions are shown for element spacings of 0.52A, 0.59X and
0.72X, The angular separation between adjacent beams has increased when
the feed element spacing is increased from 0.52A to 0.72A; however, there is
a corresponding increase in beamwidth due to the increase in amplitude tapering
for the larger element spacing. Apparently, the broadening in beamwidth
cancels out the increase in beam separation so that the crossover level remains
virtually unaffected,

It is possible to obtain crossover levels of less than 2 dB by employing
three elements for each block-fed group as shown in Figure IV.19, The
amplitude weighting applied to the three-element block can be varied to control
the aperture distribution. The radiation patterns of a design with amplitude
weighting coefficient of (0,25, 1.00, 0.25) have been computed and shown in
Figure IV.20. The crossover level is 2,7 dB, and the sidelobe level is -28 dB.
Other amplitude weightings were also investigated, and the results on crossover
and sidelobe level are shown in Table 4.2, It can be observed that crossover
levels of 1.7 to 3.4 dB can be obtained readily. The higher crossover levels

are accompanied by higher sidelobes so that resistive tapering may be
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employed for additional sidelobe suppression. The disadvantage in the three-

element block feeding design is the added complexity in the power divider, and

the doubling of the number of required feeding elements in each pillbox. An

alternative scheme of providing block feeding in the beam switching matrix is

also available. This will be discussed further in later sections when the beam

switching matrix design is discussed.

TABLE IV.2 — SUMMARY OF CROSSOVER AND SIDELOBE LEVEL FOR

THREE-HORN BLOCK FEEDING,

Amplitude Beam Crossover
Case Beam Spacing Weighting ! Level Sidelobe Level
1 3 .45,1.,.45 1.7 dB 33 dB
2 )i 25, 0. 28 2.7 dB 28 dB
3 i° .20,1.,.20 3.0 dB 26 dB
4 3° .15,1.,.15 3.4dB 22 dB

(no resistive taper applied)

Pillbox Design for the Above Data

I,

2o

Radiating aperture = 30 x 2,064A = 61,92\

Pillbox radius: R2 = 18.5), Rl = 9,75\

Pickup aperture = 16,5\

Maximum scan angle in the pillbox = 36° (for 9° beam)
Scan angle = 31,5° for 8° beam in space

The horns are spaced so that their beams are 1° apart in space
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V. ALTERNATE MULTIPLE BEAMFORMING MATRIX (CONSTRAINED LENS)

A, Description of the Multiple Beam Constrained Lens

It is well known that reflector antennas can be scanned by a physical
displacement of the feed. In the case of a spherical reflector, spherical
aberration phase error exists for all scan angles. However, the scannable
range is quite large, When many feed horns are located in front of the
reflector to form multiple beams, they cause aperture blockage. In general,
this problem is a severe limiting factor when the number of feed horns is
large as in a typical multiple beam antenna design.

A simple solution to the aperture blockage problem is the offsetting of
the feed with respect to the reflector. Other solutions to this blockage problem
have been developed by Hughes Aircraft Company in the HIHAT antenna4 and
the multiple beam constrained lens.5 In the HIHAT antenna, as shown in
Figure V.1, the array of feed horns is made transparent by the application of
dual circular polarization in a duplexing array. In this duplexing array one
sense of circular polarization is used for transmission to the reflector and the
orthogonal sense is used to receive the reflected wavefront from the reflector.
The receive signals are transmitted to a transfer array for re-radiating into
space. In the multiple beam constrained lens which is really a derivative of
the HIHAT Lens (as shown in Figure V.2), the blockage problem is avoided by
replacing the spherical reflector by means of two spherical array surfaces with
equal interconnecting cables. In this manner, both devices can be used as
multiple beam matrices,

The multiple beam constrained lens as utilized in the present application

.

is shown in Figure V.3, Essentially, it replaces the two sets of stacked pillboxes.
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It shares the wideband characteristics of the stacked pillbox design in that the
beams do not scan with frequency. It has the apparent advantage of requiring
fewer compcenents; however, the requirement of interconnecting cables between

the two spherical arrays represents a rather significant disadvantage.

B. Optimal Selection of Lens Parameters

The design consideration of lens optics is parallel to that of the stacked
pillbox. In fact, the phase error distribution of the spherical lens is identical
to that of the pillbox when the proper equivalence is made on the distance
variable. Thus, the selection of Rl' R2, and D3 (see Figure V.2) follows the
design data in Figures IV.3, IV.4, IV.5, and IV.6. As shown previously, the
crossover level can be adjusted by either variation of feed horn spacing or the
aperture diameter over spherical radius ratio. This procedure has been
followed and some sample cases have been studied. In Figures V.4, V.5, and
V.6, the radiation patterns for crossover levels of 2.2 dB, 3.0 dB, and 4.0 dB,
respectively, are shown, The sidelobe level for all cases is about -14 dB;
therefore, additional sidelobe suppression by means of block feeding on resistive
tapering is also required. The dependence of beam coupling loss on crossover
level is shown in Figure V.7. Comparison is made between this design and other
possible designs such as the Butler matrix and the design employing stacked
pillboxes. The result as obtained by Ste'm3 is also included for comparison,
It can be observed from Figure V.7 that all curves with the exception of the
case of the spherical constrained lens are very close together, which indicates
that the Butler matrix and stacked pillboxes under optimum circuit matching
conditions are close to perfect multiple beamforming devices. The spherical

lens actually is also close to the same condition. The increase in beam
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coupling loss of approximately 0.4 dB for the spherical lens arises at least

in part from the fact that the aperture distribution generated by the spherical
lens possesses slightly stronger taper in the diagonal cuts through the aperture.
This effect manifests in the low sidelobes for this case. This fact can be

observed by comparing Figure V,4 to IV,11.

@, Methods of Providing Sidelobe Control

Sidelobe suppression by means of block feeding and resistive tapering
can be applied in the same manner as discussed in Section IV.E. It is
expected that similar tradeoff in system complexity and antenna efficiency also
applies in the present case. Since the stacked pillbox is the preferred approach,
detailed design which embodies block feeding and/or resistive tapering has not

been worked out for the spherical constrained lens design.
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VI. BEAM SWITCHING MATRIX

A, Description of the Beam Switching Matrix Design Without Block Feeding

The first selection method to be considered connects a single receiver
processing channel to one of N antenna terminals (output terminals of the
multiple beam matrix). Figure VI.1.a shows a matrix of switches used to
select a single receive beam from the N available beam position terminals at
the antenna output. The matrix is a simple switching tree containing (N-1)
single-pole, double-throw (SPDT) switching junctions, The number of switches
required to select a single receive beam is thus nearly equal to the total
number of receive beam positions.,

Figure VI.1.b shows a matrix for selecting two receive beams simul -
taneously. Each antenna output terminal is connected to an SPDT switch which
selects one of two switching trees for each of the antenna output leads, The
outputs of these switches are connected to two switching trees, each of which
is identical to that of Figure VI.1.a. The number of switches required for this
two-beam matrix is (3N-2).

An important characteristic of the design in Figure VI.1.b is the
independence of the two beam choices. With the SPDT switches at the N input
beam positions, the choice of beam position for beam 1 does not affect the
choice for beam 2, This method can be extended to S simultaneous beam
selections, and the number of switches required as N(2S-~1)-S., This method
of beam switching is the most costly with respect to numbers of required
switches. This high cost can be attributed to the independence of choice of

the several selected beams.
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An alternate method of selecting two simultaneous receive beams is
shown in Figure VI.1.c. In this design, the N inputs are divided into m groups
of n beam positions per group (mn = N), The first level of switching contains
m switching trees with n-1 SPDT switches in each tree. This level selects
one beam position for each group of n inputs resulting in m outputs from this
switching level. The second level of switching selects one of the two receiver
switching trees for each of the m leads, and the third level of switching selects
one of the m beam positions for each of the two simultaneous receive beams,
The second and third levels of switching are entirely analogous to the selection
method of Figure VI.1.b, with the exception that the input has m leads instead
of the N leads of Figure VI.1l.b. The number of SPDT switches required for
selecting two simultaneous receive beams using the grouping method of Figure
VI, 1, cis N{1 + (2/n)} - 2, This requirement is nearly one-third the number
of switches required for the matrix of Figure VI.1.b depending on the number
of beams in each group, n. The reduction in required number of switches can
be attributed to a reduced flexibility of the selection operation. The matrix
of Figure VIL.1.b has the capability of selecting the two receive beams in a
completely independent manner while the matrix of Figure VI.1.c is
restricted to selecting the two beams in different groups. It can be seen that
the larger the group (an increase of n), the less flexibility because of the
increase in number of beams excluded from simultaneous selection.

The two-beam selection matrix presented in Figure VI.1.c can be
extended to select S simultaneous receive beams, The matrix design which
accomplishes this is shown in Figure VI,1.d. As in the two-beam matrix,
the first level of S beam matrix selects m beam positions from the total N
inputs by selecting a single beam from each of the m groups of n inputs per

group. Referring to Figure VI.1.d, the second level of the matrix selects one
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of the S channels for each of the m first level outputs. The third level of
switching then selects the S simultaneous beams which appear at the output of
the matrix., With this matrix design, the second and third levels of switching
allow any one of the m first level outputs to be routed to any one of the S output
lines. The number of switching junctions required for this design which
selects S simultaneous independent receive beams can be shown to be the
following:

Number of SPDT switches = N

1 +%(s-1)§ -5 (6-1)
where,
N = total number of receive beams available at the antenna output
terminals
n = number of receive beams per group
S = number of simultaneous selected receive beams at the matrix

output.

B. Beam Switching Matrix Design for Block Feeding

The design concept for the beam switching matrix without block feeding
can be extended to the case of block feeding by the steps below:
£ Subdivide the feed element locations into similar blocks of
elements as shown in Figures VI.2.a, VI,2.b, and VI.2.c.
Three examples are shown: the four-element group, the nine-

element group, and the five-element group.

S An element in a specific position within the block can be
assigned to a set formed by other elements in the same position
within the block. Thus, all elements in the upper left-hand corner
of the four-element block form Set A, and all elements in the upper

right hand corner of the four-element block form Set B, and so on.
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Feed elements in each set such as Set A are selected by a sub-
matrix to form S simultaneous individual beams (see Figure

Vi.2.d).

An individual beam from each submatrix is combined with other
individual beams from other submatrices in a corporate feed to
form the required block -fed beam (see Figure VI.2.d). The
design of the submatrices is identical to the design of the
switching matrix in Figure VI.1.d. It is noted, however, that the
total number of leads to each submatrix is reduced by a factor
equal to the number of submatrices, or the number of feed
elements in each block. In the case of the four-element group
as shown in Figure VI.2.d, the total number of leads to each

submatrix is N1/4. For k element block, the number is .\'l/k.

It is also possible to reduce the required number of switches

by trading off some flexibility in beam selection. We can form
groups of n block-fed beams. Feed elements of Set A which are
required to form each group of n block-fed beams are selected
by the first level of submatrix A as shown in Figure VI.3. Feed
element set B and others are selected in the same manner. It is
important to note that the number of branches in each first level
matrix is now n, which is equal to n/k, Other portions of the
submatrix design are similar to the switching matrix of Figure
VI 1.d.

The submatrices actually provide ks simultaneous beams, Any
combinations of individual beams can be selected though only

some of these are useful. In Figure VI.2.a, Beam 1 is formed
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by selecting the individual Beams A, B, D, and C and Beam 2 is
formed by selecting B, A, C, and D. The orientation of the
individual beams with respect to each other is important in the event
that unequal weighting is applied in the corporate feed. For the
four element block, equal weighting is applied so that the orientation
of the individual beams is not important. For the nine-element
block, unequal weighting is used so that the orientation of the
individual beams is very important. For example, refer to

Figure VI.2.b, Beam 1 is formed with individual beam E in the
middle, and A, B, C, F, J. H. G, and D, counting from the upper
left hand comer in a clockwise fashion. Beam 2 is formed with
individual beam ] in the middle, and E, F, D, G, A, C, Band H
also counting from the upper left-hand corner clockwise. In

order to provide the proper weighting to the individual beams, the
sequence in Beam 2 must be rearranged to the same sequence as

for Beam 1, the amplitude selection matrix as shown in Figure

VI. 3 is used to accomplish this function. As a result, both the

four -element block and the nine-element block can provide beam
separation given by the individual beams, It is obvious from
examination of Figure VI.2. c that the beam switching matrix for

the five-element block can be designed in the same manner,

The number of switching junctions required for the submatrices can
be determined as follows:

Number of SPDT switches (submatrices) =

N {1+ (S-l)}- ks (6-2)

n

i)

e e e ———— —




in which
K is the number of elements in a block,

N, is the total number of individual beams,

nn =

is number of simultaneous beams, and

=1

is the number of individual receive beams per group
in each submatrix
It is important to note that the total number of available block-
fed beams is less than the total number of individual beams, and
the number of block -fed receive beams in each group, n is equal
to kn. The number of switching junctions required for the
amplitude selection matrices is given below:

Number of SPDT switches (amplitude selection) =

2k(k-1) (6-3)

Cs Alternate Beam Switching Matrix Design for Block Feeding

There exist many ways of designing the beam switching matrix to allow
block feeding. In Figures VI.2 and VI.3, a method is shown in which individual
beams are selected before combining in a corporate feed. In some cases, it
is advantageous to form the block-fed beam before selection in the beam switching
matrix. A straightforward approach of achieving this is shown in Figure VI. 4,
in which the block feeding scheme o: Figure IV,17.c is incorporated into the
beam switching matrix of Figure VI, 1,c. It is obvious that in addition to the
exclusion of simultaneous beams within the same group, this device also
excludes the adjacent beams of a particular selected beam. However, if the
beam positions within each group are contiguous, the added exclusion of

adjacent beams does not reduce the beam selection flexibility significantly.
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Even though Figure VI, 4 shows block feeding of 2 x 2 elements, close
examination of Figure VI, 4 reveals that the same technique is also applicable
to block size other than 2 x 2. The number of SPDT switches required for this
design which selects S simultaneous independent receive beams are increased
by 2N, in which N is the total number of receive beams (block-fed beams) at
the antenna output terminals.

Number of SPDT Switches = N{3 + 2/n (S-1)} - S (6-4)

In certain cases, this alternate design results in reduction of the number of
switching junctions, but it also requires the receive signal to traverse more

levels of switching junction so that the insertion loss is higher,

D. Typical Examples of Beam Switching Matrix

The design techniques for the beam switching matrix as discussed
in the last sections are used for the 1° x 1° beam antenna with 3 dB crossover
between adjacent beams. The beam position diagram for the 1° x 1° beam
antenna with 8° half angle conical coverage is shown in Figure VI.5. The
complexity of the beam switching matrix is proportional to the number of single
pole double throw (SPDT) junctions. Certain beam exclusion was assumed to
reduce the number of SPDT junctions. In a specific example as shown in
Figure VI.6, the beam position diagram is divided. into 13 grokups with 16 beams
in each group. The number of single pole double throw (SPDT) junctions
required as given by equation (6-1) is 382. This switch matrix will allow 8
simultaneous beams to be selected from 8 of the 13 groups. However, for
each beam, 15 positions within the same group are excluded for other
simultaneous beams, Other grouping of the beam positions is also possible.

In general, the required number of SPDT junctions is reduced when

the number of excluded beams increases as shown by the family of curves in
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Figure VI.7 with the number of simultaneous beams (S) as a parameter, It can
be observed that the required number of SPDT junctions is greatly reduced when
more beam position exclusions are permitted. For example, in the case of

8 simultaneous beams, without exclusion, 3112 SPDT junctions are required.
This number reduces the 382 when 15 beam positions are excluded for each
beam. Grouping for 32 simultaneous beams is shown in Figure VI.8, The
grouping configuration is rather arbitrary and can be designed to reduce the
effect of beam exclusions. For each combination of simultaneous beams and
beam exclusions, the beam switching matrix design remains the same for all
grouping configurations. The discussion in this section so far is also applicable
for block feeding with the exception of the required number of SPDT switches.
Consider the four - element block feeding design in which the beam switching
matrix of Figure VI.2.d is used. For 8 simultaneous beams with 15 beam
exclusion, the number of switches is now 1120 as compared to 382 in the absence
of block feeding. When the alternate beam switching matrix of Figure VI, 4

is used, the required number of switches is 798, Other cases are presented in
Table VI.1. In all cases, block feeding increases the number of switching

junctions required.

E. Estimated Losses in the Beam Switchiug Matrix

The insertion loss of the beam switching matrix is dependent on the
following factors:

Uz The total number of beam positions.

2, N. aber of simultaneous beams.
3 The number of beam exclusions,
4, Length of interconnecting cables.

e Switch design.
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TABLE VI.1 — COMPARISON OF REQUIRED SWITCHING JUNCTICNS WITH
AND WITHOUT BLOCK FEEDING,

Number of Beam Positions = 208 (256 for Block Feeding)

No. of No. of
Simultaneous Excl.
Beams Beams
8 15
32 3
8 0

4-Element 4-Element
Block Feeding Block Feeding
(Selection (Selection
Before After Without
Beamforming) Beamforming) Block Feeding
1120 798 382
16000 3816 3400
3808* 3528* 3112

*Adjacent beams are excluded when block feeding is applied.
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As a rule of thumb, the insertion loss of the switching matrix is
proportional to the number of SPDT junctions which the signal is transmitted
through. The number of SPDT junctions in cascade is dependent more on the
required number of beam positions but less on the number of simultaneous beams
or the number of exclusions as indicated below:

Total Number of Beam Positions = 208

Number of SPDT

S Number of Exclusion Junction in Cascade
1 0 8

8 25to 0 13 to 12

16 12to 0 12 to 13

32 6to 0 13 to 14

64 3to0 14 to 15

A large number of simultaneous beams in general increases the total
line lengths of interconnecting cables required to connect the successive levels
of switching trees. Referring to the schematic diagram in Figure VL. 9, the
cables connecting the second and the third levels must crisscross each other;
thus they are relatively longer than other cables within the switching matrix.

Sample loss calculations on the switching matrix have been made. This
switching matrix utilizes an X -band micromin switch built previously at Hughes
Aircraft Company and .141" semi-rigid cables, It is also necessary to
estimate the length of the cables from the schematic diagram in Figure VI, 9.
The estimated loss is in excess of 6 dB for all cases. Since insertion loss of
this magnitude is not allowable in general, amplification may be required to

circumvent loss in antenna gain due to this insertion loss component.
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VIL. SAMPLE MULTIPLE BEAM ANTENNA DESIGNS

Based on the analytical results obtained, two designs which meet the
design specification in Section [ have been worked out in detail. Design A
employs single horn for each beam; thus, the sidelobe is only -13 dB. The
radiation patterns for this design are shown in Figure IV,11, A scaled
drawing of this design is shown in Figure VII.1 to indicate the overall size
of the antenna system. Physical dimensions and parameters of the overlapping
subarray, multiple beamforming matrix, and beam switching matrix are
tabulated in Table VII.1. Two possible designs of the beam switching matrix
are given: one with 8 independent beams, and the other with 16 independent
beams. It is to be expected that the 8-beam design requires fewer components,
Design B employs block feeding and resistive tapering to provide -30 dB side-
lobe design. Two feed elements are driven in each of the stacked pillboxes
so that the beam switching matrix of Figure VI.21.d is required. The radiation
patterns in this case are shown in Figure IV.16. It can be seen that more
components are required to provide an 8 independent beam design as compared

to the Design A.
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TABLE VII.1 — CHARACTERISTICS OF SAMPLE MULTIPLE BEAM ANTENNA
(DESIGN A, 13dBSL)

GENERAL
Beamwidth
Scan Angle
Grating Lobe
Sidelobe
Frequency

A

o
Overall Size

OVERLAPPING SUBARRAY
Element Spacing

Subarray Spacing

Number of Elements per Subarray

Number of Subarray Modules
per Linear Array

Number of Overlapping
Subarray PLA

Total Number of Overlapping
Subarrays in the Entire Two
Dimensional Arrays

Subarray Amplitude

Total Number of Subarray Modules

First Level = 2500
Second Level = 625

Falloff in Subarray Factor at
8° Scan

84

1°
8° half angle cone

<20 dB

-13 dB (see Figure IV.11)
9500 MHz

1.240"

S50A x 50X x 48) or

62" x 62" % 59.5" (see Figure VII. 1)

0.52A
2.08A

25

24

576

0.1875, 0.400, 0.600, 0.8125, .8125,
.600, .400, .1875

3125

3.0dB




TABLE VII.1 (continued)

MULTIPLE BEAMFORMING MATRIX (STACKED PILLBOXES)

Size of Unfolded Pillbox

Size of Folded Pillbox

Number of Input Terminals
Number of Output Terminals
Aperture Width of Pillbox
Radius of Circular Reflector
Radius of Feed Array

Element Spacing of Feed Array
Chord Length of Reflector

Number of Pillboxes

First Level = 24
Second Level = 16

Overall Depth of Multiple
Beam Matrix (est.)

Number of Beam Positions
Available

Beam Position Lattice

Number of Beam Positions with
the 8° Half Angle Cone

Crossover Level Between Beams

Beam Coupling Loss

85

1S5A x 25.5A
10X x 25.5A
16

24

13.3A

15A

23X

256

Square

208
3 dB
1.2dB
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TABLE VII.1 (continued)
BEAM SWITCHING MATRIX

Design Al
(See Figure VI, 25)
No. of Independent Beams 8
No. of Beam Positions
in a Group* 16
No. of SP/16T Switches 13
No. of SP/8T Switches 13
No. of SP/13T Switches 8

Total No. of SP/DT Switches
for the Entire Switch Matrix 382

Estimated Insertion Loss
of BSM 6.0 dB

Design A2
(See Figure VI, 27)
No. of Independent Beams 16
No. of Beam Positions
in a Group 7
No. of SP/7T Switches 32
No. of SP/16T Switches 32
No. of SP/32T Switches 16

Total No, of SP/DT Switches
for the Entire Switching
Matrix 1168

*The number of unavailable beam positions after a beam is selected is given
by the number of beam positions in a group minus one.
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TABLE VII.2 — CHARACTERISTICS OF SAMPLE MULTIPLE BEAM ANTENNA

(Design B, -30 dB SL Obtained by Block Feeding and Resistive Tapering)

GENERAL
Beamwidth
Scan Angle
Grating Lobe
Sidelobe
Frequency

A

o)
Overall Size

OVERLAPPING SUBARRAY
Element Spacing

Subarray Spacing

Number of Elements per Subarray

Number of Subarray Modules per
Linear Array

Number of Overlapping Subarray
PLA

Total Number of Overlapping
Subarrays in the Entire Two
Dimensional Arrays
Subarray Amplitude
Total Number of Subarray Modules
First Level = 3844
Second Level= 961

Fall -off in Subarray Factor at
8° Scan

o —_ ety e

88

10

8° half angle cone
<20dB

-30 dB (see Figure IV, 16)
9500 MHz

1.240"

62\ x 62\ x 55X or
76.9" x 76.9" x 68"

0.52A

2,082

31

30

900

0.1875, 0,400, 0.600, 0.8125, .8125,

.600, ,400, .1875
4805

3.0dB




TABLE VIIL, 2 (continued)

MULTIPLE BEAMFORMING MATRIX (STACKED PILLBOXES)

Size of Unfolded Pillbox
Size of Folded Pillbox
Number of Input Terminals
Number of Output Terminals
Aperture Width of Pillbox
Radius of Circular Reflector
Radius of Feed Array
Element Spacing of Feed Array
Chord Length of Reflector
Number of Pillboxes
First Level = 30
Second Level = 20

Overall Depth of Multiple
Beam Matrix (Est.)

Number of Beam Positions Available

Beam Position Lattice

Number of Beam Positions
with the 8° Half Angle Cone

Crossover Level Between Beams

Beam Coupling Loss

89

18.5A x 31.4A
12,3x x 31.42
20

30

16. 41

18.5A

9.9

0.52A

31.4A

50

28\

400
Square

324
2 dB

1.4 dB (principally due to ohmic loss)




TABLE VII. 2 (continued)

BEAM SWITCHING MATRIX

Design Bl

Design B2

Number of Independent
Beams

Number of beam positions
in a group*

Number of SP/18T Switches
Number of SP/8T Switches
Number of SP/18T Switches
Number of SP/DT Switches
Total Number of SP/DT
Switches for the Entire

Switch Matrix

Estimated Insertion Loss
of BSM

18

18

18

648

1216

6.0 dB

Number of Independent
Beams

Number of Beam Positions
in a Group

Number of SP/7T Switches
Number of SP/16T Switches
Number of SP/18T Switches
Number of SP/DT Switches
Total Number of SP/DT
Switches for the Entire

Switching Matrix

Estimated Insertion Loss
of BSM

16

18
18
18
16

648

1496

6.0 dB

*The number of unavailable beam positions after a beam is selected is given
by number of beam positions in a group minus one,.




VIIL. EXPERIMENTAL PROGRAM

A, Description of Experimental Model

In order to verify the proposed multiple beam limited scan antenna tech-
nique a one-dimensional experimental model has been designed and fabricated for
experimental measurements. The experimental model yields results for the
E-plane cut since separable distribution is used in the antenna design. An artist's
concept of the experimental model is shown in Figure VIII.1. As shown, a double
layer pillbox is feeding a linear array of subarray modules through coaxial cables
and power dividers. A flared horn is introduced to provide directivity in the H-
plane. The required beam switching matrix is deleted. Beam selection is
done by feeding the desired element in the pillbox. Thus, beam selection and/or
block feeding is provided by selecting one or more input connectors on the pillbox
feed arc. Phase correction for spherical aberration correction is adjusted by
line stretchers.

The physical characteristics of the experimental model are contained in

Table VIIL 1.

B. Detailed Description of Component Designs

The fundamental component of the multiple beam matrix is the double
layer pillbox. As indicated earlier, this device must provide a quasilinear
phase front at the pickup aperture. The pillbox incident and reflection planes
are shown schematically in Figure VIIL. 2, The pillbox was fabricated in this
manner to aid in the ease of machine operations and to reduce potential phase
dispersion characteristics of the parallel plate bend to reasonable tolerances.
By illuminating the circular reflector with a feed element or combination of

elements, the pickup aperture will receive the outgoing reflected wave. The

91




"THAON TVINFANIYHdXH O LdIONOD S.LSILYV — T°IOA T4NOI

AT AAVE RS
[ SNigd VI a3 AO

x0q |i:d
J0102,13
PapIo3

92

z.g;.F_w~WZ¢NF 4

= ,@@5&

——

hudu ysac

08 Ve
d3qQhey




TABLE VIII. 1 — MULTIPLE BEAM ANTENNA CHARACTERISTICS

General

Beamwidth
Scan Angle
Grating Lobe
Sidelobe
Crossover
Frequency

A

(e}
Overall Size

Overlapping Subarray

Element Spacing

Subarray Spacing

Number of Elements per Subarray
Number of Subarray Modules
Subarray Amplitude (dB)

Dropoff Due to Scanning

Multiple Beamforming Matrix (Pillbox)
Size of Unfolded Pillbox
Size of Folded Pillbox

Number of Input Terminals
Number of Output Terminals
Aperture Width of Pillbox
Radius of Circular Reflector
Radius of Feed Array

Element Spacing of Feed Array
No. of Beam Positions Available
Beam Coupling Loss

93

1.2°

+8° half angle cone
<20dB

-20 dB (see Figures
2 dB

9500 MHz

1.240"

621

.516A
2.064
8

30

-13.3, -10.7, -8.5; -6.5, -5.1,
4.3, -3.4, -2.3, -1.7, -1.2,
-0-7p -0.5, -0.3, 0, On OI Ov --31
=4, =. 8, =1.3, =1.6, =2.6, -3.3,
-3.8, =5.1, -6.5, -8.0, -10.4,
-14.7

< 3dB

37X x 19. 31

281 x 19, 31
28\ x 13A

23
30
16.5A
18.5A
9.75A
.S521A
23
1.4 dB




inclusion of the fold at the reflector surface avoids the occurrence of feed blockage
by the large feed arc of input elements, Selecting distinct feed positions on the
input array arc will vary the phase distribution at the pillbox pickup aperture.
This distribution will be linear with a superimposed spherical component. The
slope of the linear progressive phase distribution will be dependent on the position
of the feed element on the input array arc. By proper selection of design para-
meters of the pillbox the magnitude of the phase error is controlled (see Figure
IV.6). In particular, for this design the significant parameters are:

Radius of circular reflector, R2 = 18.5A

Radius of feed array, R1 = 9.75A

Width of pickup aperture, D3 =16.51
A pillbox has been constructed according to the above dimensions and is
illustrated in Figure VIII, 3

Basic to the pillbox design was the construction of a matched bend,
which provided minimum phase dispersion over the frequency band. Development
of the parallel plate E-plane bend was initiated with the fabrication of the 30°
waveguide simulator illustrated in Figure VIII.4, The 30° scan angle was
chosen to conform to previously predicted incident angles, ray traced from
input feed elements to the first fold of the pillbox. The simulator consisted of
matched coaxial input and output transitions to rectangular guide, with miters
at the bend.

It is well known that the pillbox can support one mode of propagation
for proper designs. To restrict the device to the TEM mode, plate separation
in the simulator was chosen to be slightly less than A/4, resulting in a height
less than A/2 at the bend, thus preventing propagation of additional modes.
Lambda for the calculations corresponds to the design frequency of 9.5 GHz.

The actual bend consists of a slot in the common wall of two parallel plate
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Figure VIIL2. Pillbox Geometry
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waveguides, The matched condition was obtained for a slot width of . 991h,
where h is the height of one parallel plate waveguide. A smooth transition to
the slot was provided by 45° miters at the incident and reflection regions. The
apparent plane of reflection was in front of the actual reflector surface. This
dimension measured by comparative phase techniques was found to be .014 inch
short of the reflector.

Impedance and phase characteristics are displayed in Figures VIIL 5
and VIIL. 6. The phase dispersion curve gives some indication of the resultant
phase error of the pillbox. The 9° phase difference between the low and high
frequency over the 10% band corresponds to the differential line length of one
quarter wave length. After this linear phase component is removed, the residue
error is less than 3°. This residue error may be attributed to mismatch in
the bend and measurement error.

To provide proper input and output transitions to the pillbox, a fixture
was fabricated to test phase-center and mode-conversion parameters., Two
transitions were considered for development: type A, an SMA connector -fed loop,
and type B an SMA connector -fed post illustrated in Figure VIIL. 7. The type A
element was abandoned due to a required loop length of 3/4A at the design
frequency. Physical considerations such as plate separation and mounting
indicated that the type B element could be best adapted to the pillbox design. This
feed element was optimized in the fixture for post height and diameter dimensions.
A typical impedance versus frequency plot of the element in an array environment
is displayed by Figure VIIL 8. At the design frequency, the element is matched.

Further data was then taken to determine the contour of constant phase.
From the contour information the effective center of radiation of the element
was determined. The experimental results are presented in the graph of

Figures VIII.9. For angles close to the element center line axis, there is little
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deviation; however, due to amplitude variation at extreme off-axis angles
instrument measurements yielded increased deviation from the constant phase
contour. This amplitude variation was directly attributed to surrounding element
blockage and reflection. From the results, the phase center was deduced to be
located .030 inch behind the post. The phase error at the aperture plane of
hemispherical reflector associated with this displacement is plotted in Figure
VIIL. 10. It can be seen, for a .030 inch displacement, the resulting phase error
is on the order of 5°. In this situation the 5° error is not significant. Therefore,
it was concluded the element would be adequate for the pillbox application.

Utilizing the matched bend and type B element, the pillbox design as
shown in Figure VIIL. 3 was fabricated. The feed design consists of an array of
23 elements placed at a radius of 9,75\ and 3.06° spacing. These elements feed
the circular reflector at an 18.5A radius. The double layer pillbox output is
provided by a linear array of 30 elements of .55\ spacing, hence a total pickup
aperture of 16.5A.

In order to characterize the quality of the pillbox, data at the pillbox
pick-up aperture has been taken for various feed element locations. The first
case considered was energizing of the center element of the feed array. This
condition corresponds to a zero degree scan list in Table VIIIL. 2 and only
spherical aberratiQn produced by the pillbox is present. This data is shown in
Figure VIII.11. It can be seen that data points agree well with the calculated
values. The aberration component in the measured data is clearly evident, The
discrepancy in general is less than five degrees and is attributed to manufacturing
tolerances. Measured data at 9.0 GHz and 10.0 GHz from Figures VIII, 12
and VIIL 13 are in good agreement with center band measurements. Amplitude
at the aperture positions for 9.5 GHz is shown in Figure VIII. 14, For positions
close to aperture center there is little deviation, while positions approaching the

edge tend to display signal dropoff due primarily to a change in the array
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TABLE VIII.2 — ARRAY BEAM ANGLE VS. FEED ELEMENT LOCATION

Angular Position of Feed (8)

gl
f"‘\
4
Array Beam Angle
Feed Horn No. 8 (deg.) One Horn Feed Two Horn Feed
0 0.0 oF .407°
1 3.06 .813° 1.22°
2 6.12 £ a2° 2.03°
3 9.18 2.48° 2.83°
4 12.24 323" 3.63°
5 15. 30 4.02° 4, 42°
6 18.36 4.80° 5.19°
7 21,42 5.57° 5.95°
8 24,48 6.33° 6.70°
9 27.54 7.07° 7.43°
10 30. 60 7.78° 8.14°
11 33. 66 8. 48°
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environment. Phase distributions for other feed elements are shown in Figures
VIIIL. 15 and VIII.16. In addition, amplitude and phase distributions for block

feeding of two elements are given in Figures VIII. 17 and VIII. 18, respectively.

Subarray Module Development

The experimental subarray module development, measurement, and
evaluation was achieved using a small linear array of six modules. The initial
task was to choose a transmission line. The microstrip configuration, etched
lines on copper-clad dielectric substrates, was found to offer a lightweight and
compact package (see Figure VIII.19), The substrate material was PTFE/glass
composite with dielectric constant 2.55 and thickness .020". The next task
was to develop the components required for the subarray module. These were:
power dividers, a line crossover and a radiating element. The hybrid ring
directional coupler, shown in Figure VIII. 20, was used as the power dividing
component, It allows arbitrary power division (or surmmation), provides good
isolation between output arms and has sufficient bandwidth for this application.
Feeding arm three provides in-phase power output at the two adjacent arms (1, 2)
and leaves the fourth arm isolated. Conversely, one may feed both arms 1 and 2,
and the in-phase component will be delivered to arm three (the sum arm) and the
out -of-phase component is delivered to arm 4 (the difference arm). In this
application the difference arm is loaded to absorb any out-of-phase component. A
more complete description. of the hybrid ring is available in an article by Pon, ’

To obtain the proper output amplitude taper from the module, five
different power dividers (differing in their output power ratios) are used in the

circuit, The ratios are shown in the table below:
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Figure VIIL 15. Phase Versus Pillbox Aperture Position
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CONDUTING STRIP
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DIELECTRIC SUBSTRATE

Figure VIIL.19. The Microstrip Configuration.

v91-Cc1018

ARM 2

ARM 4

Figure VII1.20. The Hybrid-Ring Directional Coupler.
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Coupler No. Power at Port 1 Power at Port 2
1 .812 .188
2 .706 .294
3 .680 . 320
4 .600 . 400
5 .575 . 425

The test data from coupler No. 1 is discussed below.

Figure VIIL, 21 shows the input impedance at each arm of the coupler,
across the band. This includes the mismatch of the coaxial line-to-microstrip
transition as well as the mismatch of the coupler itself, Figure VIII 22 shows
the output power ratio as well as the isolation between non-adjacent ports.

The output ratio varies approximately . 3 dB across the band and the isolation
(signal at isolated port divided by the input signal) is better than 27 dB across

the band. Figure VIIL. 23 shows the relative phase at the two output ports. It
shows a slope of about 8° across the band and an offset of approximately the

same amount. The offset was taken into account when the coupler was incorporated
into the module and line length compensation was used to correct it.

The next component developed was a line crossover, shown in Figure
VIIL. 24. This component was required because the overlapping subarray
technique used in the module results in circuit lines which cross each other,
and there is no way to do this with the standard microstrip configuration.

Figure VIIL 25 shows the input impedance of a 50-ohm line with the crossover
and with coax-to-microstrip transition at each end. It also shows the impedance
of such a line without the crossover, as a reference. The insertion loss of the
crossover was found to be comparable to an equal length and slope (Figure

VIIL. 26) since it adds additional length to a line. This was taken into account

when incorporating it into the module and was compensated with line length.
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The radiating element used for the module was a dipole etched on the
same substrate (see Figure VIIL 27). It is excited by a loop, with open circuit
termination, at the module output. The open circuit termination results in a
high current point approximately 1/4A away and this point couples to the center
of the dipole. Because the module was intended to be tested in a single linear
array within flared parallel plates it was matched to that particular environment,
rather than the rectangular spacing of the proposed antenna. However, since
this antenna is intended to scan over such a limited range (t8° in any plane)
the rematching of the dipole should pose no problem, Figure VIII. 28 shows
the impedance of the dipole across the band.

Having developed all the necessary components it was then possible to
combine these into the overlapping feed circuit shown in Figure VIIL 29 (a 1:1
size negative used for etching the circuit). There are ten couplers, two of each
type, with the difference arm terminated in a load (shown as a single line folded
in toward the center of the coupler). There are three crossover points, shown
as breaks in the line., There are two input ports and four output ports (shown with
the matching stubs required for the coax-to-microstrip transition). The modules
used in the pattern tests had dipoles at the output ports rather than the transi-
tions.

Figures VIII, 30 through VIII, 32 show a comparison of the desired power
output distribution and the measured distribution across the band. Figure
VIII. 33 shows the relative phase of the output ports across the band.

The test fixture for measuring the module radiation is shown in
Figure VIIL 34. The two center modules are excited to provide the tapered
distribution and two loaded, neighboring modules are present on each side, The
desired subarray pattern is shown in Figure VIIL. 35. The measured pattern at

f = 9.5 GHz is shown in Figure VIIIL. 36. The beamwidth and sidelobe level were

124




o.osc: 0.220 |
| [ i —\ o
7 o
/ -l \\ =
e |
15! A
ksl | 3 |
| | | I = — — CIRCUIT SIDE
| | | | e— G ROUND PLANE
' s SIDE
o
| | S
I bt
I Iy
5= o
) l_l e
| I——| 0.050 |<—
' n
| o.055 |
' |
| |
: |
““\ |
~ 7

GROUND PLANE

™

Figure VIIL27. Etched Dipole and Coupling Loop (on Opposite Sides of Substrate)

125

£2-21018




NAME TITLE

DWG. NO.

SMITH CHARY FORM 82 SPR !2-4"

KAY ELECTRIC COMPANY, PINE BROOK, N.J.

1949

PRINTED IN USA

DATE

IMPEDANCE OR ADMITTANCE COORDINATES

vZ-21018

RESISTANCE COMPONENT

B,k CONDUCTANCE COMPONENT

‘ :
o ‘
SHORT
REFERENCE

Figure VIIL.28. Impedance of
Microstrip Dipole (9 — 10 GHz)

RADIALLY SCALED PARAMETERS

ELECTRONICS « VOL . 17, MO, 1, PP, 190099, 310,328, Jan, 1844

2
283 g 5 8 - SRE N g §8 58
-4 ) ° -3 - — = - » ~n £l
§§ 288 5 & 8 3 % - 2 = § 2 %o ] : - 8 '5 ~ H & N 3 N RIS |m
L L L A 1 L I A 1 A i L gl v - 4 4 A v 'S A b —1 1 s ' v _— AL %L’_%ﬁ
.= T T 3 T T T T T Y T rrrrrrrin T T T T T 1rTrrrr L] LA . § el
HES TOWARD GENERATOR ———w «—— TOWARD LOAD o ° 8 ] 2 8 g N
- ”; s ~ o - m
o
5 " o " -] ~ 8 a = - - = al &
'ﬂts v - " ~ ~ 2 | 2 od & 8 a S & & I & & H a IR
—d Aphpbeghafinddaindadudubabymingbehad bl mdyndagladl VW VO T VT ——"—— Lemdbobhdinghdutunbbimdod i i 4 Boedeihepdenil ‘#*—ﬁﬂﬁ—r&'—’H R
S | 30 A LA /30 S ) s e o ¢ ety S RS S A L eatpetpasts >z o
4 o - " ~ o} o b b & & & ~ m z
3 - - - - - - - L =
§§= gg R - 3 < ° F S
s CENTER
L

A MEGA (HART




FIGURE VIIL 29 — THE OVERLAPPED SUBARRAY MODULE
(1:1 NEGATIVE)
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TOP VIEW (WITHOUT-PARALLEL PLANES)
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Figure VIIL.34. Experimental Set-Up for Taking Subarray Patterns
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very close to what was expected. The differences between the ideal and measured
pattern are due primarily to amplitude and phase errors in the module, as shown
by Figure VIIL 37 for which these errors have been included in the computation
and the agreement is even better, The measured subarray pattern provides

grating lobe suppression and gain characteristics for this application,

C.  Experimental Results of the Linear Array

The fabricated linear array is shown in Figure VIII. 38. Measurements
were made on the subarray patterns and far field patterns with and without
block feeding. Measured results were correlated with analytical predictions

based on the method of analysis as delineated in this report.

Subarray Patterns

Subarray patterns were measured on the experimental linear array over
the frequency band for the various subarrays within the experimental linear
array. Good correlation was obtained between measured results and results
as computed from amplitude and phase data. Figure VIII 39 shows the
measured subarray pattern for the center two modules. The calculated data
on Figure VIIL 37 is plotted in the same scale for purposes of comparison,
Excellent agreement is obtained. The subarray patterns over the 9.0 to 10.0 GHz
frequency band were measured.

The results for 9.0, 9.5, and 10.0 GHz are shown in Figure VIII, 40.
Variation in pattern shape is significant at the expected grating lobe positions (the
20-25 dB points); therefore, rise in grating lobe level over estimated value
by about 2 dB is expected based on these data. Variation of subarray pattern
shape for the various subarrays within the linear array is indicated in Figure

VIIL. 41. In general, these patterns are not too different from each other.
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Aperture Distributions

The amplitude and phase distributions of the linear array were measured
and phase trimmed by means of the line stretchers prior to far field pattern
measurements. The measured amplitude distribution is shown in Figure VIII, 42,
Since only the one feed element is excited, the aperture illumination is almost
uniform, This amplitude distribution can be compared with the analytical data as
shown in Figure IV.9 previously. The measured phase distribution is shown in
Figure VIII. 43. The measured phase error can be compared with the analytical
result as shown in Figure IV.10. Because of the manufacturing error in the
subarray modules and 1:2 power dividers, the measured phase error is about
+10°, which is much higher than the idealized value of +3°, The larger phase
error would raise the close in sidelobe level to be achieved by the experimental
array. The measured amplitude and phase distributions had been used to

compute the far field pattern as shown in Figure VIII, 44.

Far Field Patterns

Far field patterns have been measured on the linear array. In the first
set of measurements, the radiation patterns for a single feed element were
measured over the frequency band. Results are shown in Figures VIII. 45a to d.
The measured pattern in Figure VIII, 45b can be compared with the predicted
value in Figure VIIL. 44, Fairly close agreement is observed. I the next set
of measurements, the far field patterns for block feeding of two feed horns were
taken over the required scan angle of +8°. The results are shown in Figures
VIIIL. 46a to VIII.46e. Rise in grating lobe level is observable in Figure VIII. 46a
and Figure VIII. 46e. The magnitude of the grating lobe can be projected
from the measured subarray pattern when it is superimposed on the array

patterns as illustrated in the figure. It is demonstrated quite clearly that
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sidelobe control can be effected by shaping the subarray patterns. It is unfortunate

however that the close-in sidelobe level exceeds the design objective of -20 dB,
primarily due to phase errors in the subarray modules. Demonstration of
sidelobe control by block feeding is illustrated by the measured far field patterns
as shown in Figure VIIIL. 47a to Figure VIII. 47d. In this case, three feed horns
are excited by amplitude ratio close to 1:2:1, This amplitude ratio is obtained

at frequency of 9.8 to 10.0 GHz, but lower taper is obtained at lower frequencies.
The theoretical close-in sidelobe for frequencies of 9.8 GHz and 10.0 GHz is at
the -30 dBlevel. It can be seen from Figure VIII.47c and Figure VIII. 47d that
about -22 to -24 dB sidelobe ratios are obtained. These sidelobes are principally
caused by manufacturing phase errors, and can be expected to improve by better

manufacturing techniques.

Falloff in Antenna Gain As a Function of Scan

The falloff in antenna gain as a function of scan within the scan range of
+8° has been measured. At the scan limit the drop-in gain is less than 3 dB,

as projected in the antenna design.
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IX. CONCLUSION AND DISCUSSION

Based on the analytical and experimental study results obtained in this

program, the following conclusions can be drawn:

The described antenna technique can generate a large number

of simultaneous independent beams over an 8° half angle cone.

For a 1° beam antenna, the size of the multiple beam matrix is
about 900 (30 x 30) instead of the usual 10, 000 (100 x 100).

The overlapping subarray technique suppresses the grating lobe to
better than -20 dB, and its validity has been verified by the
experimental linear array. Some loss in effectiveness is experienced
due to subarray module phase errors.

Stacked pillboxes can be employed to form the multiple beam matrix
with phase aberration less than 10°.

Analytical results show that close-in sidelobes can be controlled

to -30 dB by means of block feeding and resistive tapering. This
result can be obtained only if fairly tight manufacturing tolerances
are maintained. In the experimental array, sidelobe levels of

-22 to -24 dB are obtained.

The design of the beam switching matrix to obtain eight simultaneous
independent beams is relatively simple. The switching network
complexity grows when the required number of independent beams

is large, or when the number of block feed horns is larger than

four,

The recommended design to meet specific requirements of sidelobe and

crossover level is tabulated in Table IX.1. Block feeding is required for all

low sidelobe designs.
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TABLE IX.1 - SUMMARY OF RECOMMENDED DESIGNS,

Crossover Level

3 dB

2dB
2 dB

3 dB

13dB

Sidelobe

20-25 dB

30 dB

30 dB
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Recormmended Design

Single Beam
Four Horn Block Feeding

Four Horn Block Feeding
and Resistive Tapering

Nine Horn Block Feeding




X5 APPENDICES
APPENDIX A
E, Determination of Amplitude Weighting Coefficients and Definition of

Feed Network to Meet Specific Requirements of Scan Coverage and
Grating Lobe Suppression

Based on the network diagram in Figure A.1, it is required to define
the coupling networks to meet specific requirements of scan coverage and
grating lobe suppression. In addition, the subarray amplitude weighting
coefficients, fi' are to be determined. It is observed that the complete network
comprises of 1:3 power dividers and 3:3 lossless multiple beam matrices.
Idealized lossless couplers are presumed. Only symmetrical subarray
amplitude distributions are of interest here for obvious reasons. To control
the scan coverage, two nulls will be placed on the boundaries of the grating
lobe region over the scan range. The problem will be solved in two steps:
the constraints on the subarray amplitudes will be determined in the first step,
and the effect on the subarray pattern will be studied in the next step to yield
complete definition of the feed network to meet specific requirements on scan
coverage and grating lobes,

a., Constraints on the Subarray Amplitudes by the Feed Network

in Figure A

Refer to circuit diagram in Figure A.1, we can write out the
following network equations:

For input from R terminal:

T i i 1
f, = {cosu1 cosa, +jsinc cosa, (jsina,)s R

3)

f2 = (cos Ql -0S 113 - sinC:L1 cos “2 smc.3) R (A-1)

161




81012-29

Aeireqng Surddepoag pad-2a1yy, € jo weiderq ‘1-y amndig

H3IMOd €°1

¥3AlAIQ

[ 'ON
AVHYVYENS
®

0 'ON
AYHYVYENS
[ ]

1-'ON
AVHHEY8NS

-y,

I-"ON AV dHVY8NS

f 006
w Ip
w
2
e
P o
X
€p
\ooml
v, € (A I, 0y €}
2 € 0y €
1 'ON AVHHYENS
0 'ON AYYHHEYENS €y O»

162




= {cosa, sina.(-j) + jsi s (-j) cos
f3 cos @, sin 3( ])+Jsmf11 cos 2( j) cos 3}R

= (cos %G sinc, +sin@, cosQ_ cos ag) R (A-2)

f5 3 1 2

f4 =(j sinOtl jsina2)R
f4 = (jsinanl jsinaz)R
f4 = (-sin al sin GQ)R (A-3)

For input from L terminal:

f2 = (cos 02) L (A-4)
f3 = (sin(‘J.2 cos 0.3) I (A-5)
fy = (-sinc, sina) L (A-6)

For irput from C terminal:

fl = (-cos al cos OL2 'sinot3 - sin al cos OL3)C (A-7)
fO = (cos , cos &, cos a3 - sin al sin 03) C (A-8)
fl = (-cos G.l sin az) C (A-9)

Only symmetrical distribution is allowable for symmetrical
subarray patterns.
R=L (A-10)
From equations (A-3) and (A-6),
(-sin Y sin &2) R = (-sin ¢, sin 13) L
= (A-11)
Substitute equation (A-11) into (A-1),

2, e e o Ko sinln A
fz/R = (cos % - sin % cos A2) =1 - sin *1(1 + cos ‘2)

163




sign.

Substitute equation (A-11) into (A-2)

f3/R = (cos(l1 sinc.1 + sinal cos 0.2) = cos o, sin(ll (1 +cos 0.2)

Eliminate % between the above two equations,
f2/R =1 - tanc, f3/R
1- (fz/R)
Combine equations (A-5) and (A-6),

tana, = --154/f3 (A-13)

3

Combine (A-11), (A-12), and (A-13)

R b &

L Y

3 I3 I3

L=R=t,, (A-14)

Substitute equation (A-14) into (A-4)

cos &y = fz/(fz-f4) (A-15)

Combine equations (A-7) and (A-9),

=cos 0y Sina, + & CcoS &y Sin e ina, cosQ, =
cos ¢ sina, + cos u21n3+smlos3 0

From equation (A-11), :xl =0y

cos@, sin®, +sin®, cosa, =0

-Cos 01 sinCi2 + cos 011 2 1 1 1

-!-sin:x2
smfl.l =2 +cosa2

(A-16)

It should be noted that both sincl and sinc2 possess the same
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From equations (A-8) and (A-11),

1 2 2
fO/C = cos 11 cos (:'2 sin o)
£ /C = cos°8, (1 +cost) -1
0 1 2

Substitute in equations (A-2) and (A-11)

2 f3/R
f /C=costE. | ————+1=1
0 1\ cos al sma1

f3/R
fO/C = \tan o -1

Solve for C,

3 fO tanon1
b3/R - temCL1

Cc

Substitute in R from equation (A-14)

o fO (f2-f4)
f3 cme; - (f2- 4)

Substitute in tan a, from equation (A-13)

-f0f4 (f2-f4) g fO(fZ-f4)

€=
(f2+f;)

(A-17)

£+ £(f,-f

3 4)

@, can be computed from equation (A-16) or from a combination of
equations (A-11) and (A-13). This redundancy may imply restrictions
on the possible values of fO' fl' v v and f4. To eliminate possible

inconsistancy, we proceed as follows:
tan@; = -f4/f3

sinG1 = +sin':t.2/(l + cos 32)
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cos a, = £,/(f,-f,)

Manipulate equation (A-13).

g ‘
tanZa, = e’ = ti
1 ) f
1-sin"a 3
1
2 9)
o (E/f) £
Sin wl =

1+(f4/f3)2 ) f‘§+fi

We also manipulate equations (A-15) and (A-16),

B 2
gin2~ : sin a2 ) 1 - cos %
1 (1 + cos ’12)2 (1 + cos '::2 )2

f
14 <_2_>
fy-1y

Sinzfl can be simplified as follocws:

iy TR i
sin”ay = ~f,/(2f,~f,)

2
sin & can be eliminated from the expressions in equations

(A-18a) and (A-18b).

2 f

g MRy

2 G R T P
f,+f (“]2 fy)

3
f (2.~ +f, =0
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(A-18a)

(A-18b)

(A-19)
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| 1 Tty
f NG (21, -£,X-1y) 5, ©,71)

‘/-2f2f4 f0 3 =f

310
f. = = (A-20)
1 f2+f 4 f2+fz
To have positive f, either f3 or (f2+f4) are negative.
b Constraints in f to Provide Required Subarray Patterns
So far fl and f3 can be shown to be dependent on fO’ f2’ and
f4. The three independent parameters fO’ f2, and f4 may be selected

to provide the required subarray pattern shape. It is possible to select
them so that at the scan limits, all grating lobes are coincident with
subarray pattern nulls. When this condition is met, the amplitude

and phase distribution of the array is that of a uniform plane wave:

ono -ono

a0=f3e +f0+f3e =1 (A-21)
ju -ju Y. /3

a =f,e O°+fl+f4e s PO (A-22)
-jUOO +jUOO -jU‘OO/3

a_l=fze +f1+f4e =e (A-23)

In the above formula, Uoo is the incremental phase between sub-
arrays and UOO/S is the incremental phase between elements at a scan
angle where all nulls are coincident with grating lobes, This condition

also implies that the gain of the subarray factor is maximum,

ju

00
Letz=e

= -ono =i
thenz ~=e y 2z = Zcosikl
00
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- sign should be chosen as seen later.

The f's cannot be independently chosen; they must be selected in
accordance with equation (A-19). Either equation (A-16) or (A-19) can
be regarded as the equation of constraint imposed by the network.

Additional constraint on the selection of f's can be derived from
equations (A-7) or (A-9). f1 can be determined from equation (A-9) as
follows:

fl = -(cosa1 sinaZ)C

— = 3 2,~
cosCL1 = VI sin 2

Substitute in equation (A-18b),

=f 2f
i \/ 2
cosQ, = e =
1 2f2-f4 2f2-f4

From equation (A-15),

i = 5T ~F_ X -
pae Sk T (25 -£)(-1y)

From equation (A -17)

fO(fz-f4)

Tk (f2+f45

Substitute cos %, sin o and C into expression for fl’
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Equation (A-23) can be seen to be redundant.

1_
fotiz +f35=1

. L 143
fl +t22+f4-z-—2

Resolve the above two equations into real and imaginary parts:

2 =
fO + 2 cos UoofS 1

fl +f2 cos Uoo + f4 cosUOo = cos

f2 sin Uoo - f4 sin Uoo + sin

Define

and

= seczU
00

We can rewrite the above equations as follows:

, = £, =S, (A-24)

\’v fl +f2 +f4=52 (A-25)

L7




These equations would assume the coincidence of grating lobes with
subarray pattern nulls at U = Uoo'

Previously, we had derived the equation of orthogonality,
f3 = - -Zf?_f4 or +4f -2f2f4

ida fO -2f2f4 fO -2f2f4
S v i R
S e 7 7S 7

Intuitively, f3 should be negative for better pattern control. Now, we

have five equations and five unknowns in fO’ » and £

fl’ fos f3 4
First, f3 can be eliminated by combining equations (A -26) and

(A-19).

2 =
fO S ’-fzf4 =1 (A-27)
"L

Secondly, f0 can be eliminated from equations (A-20) and (A-27).

v i, 2

W l o —;— '2f2f4 (;&'28)
Furthermore, fl can be eliminated by substituting fl in equation (A-28)

into equation (A-25).

,,-fo
2°4 =
T + 2 _[-2f,f Lof i =8 (A-29)
\/ ‘/ 2 2
Zf2+f45 ( 4) 2 4

Manipulating on equation (A-29),

. T .
‘/« ‘/-2f214 - 4f2f4+(f2+f4) —52(f2+f4)

: aki g A 2
NE “2pf, = Sy(fy +,) = (Eyf,)

L2




T - F = - 2 -
VT V2RI, = Sy, +1) - S| (A-29a)

Finally we proceed to eliminate f4 by combining equation (A-29a)

and (A-24).

Squaring equation (A-29a):

=20 = + +S.” -

214 (fy +1y)

s R e 25 .
-2, (£y=S)) = S, (2f, -S))” + S - 25,5/(2f,-S))

1
2 2 % 9.2 - S
-20 G = X
29f, +295,f, = Sy + £, +S,5" - 41,5,5; +S,
2 3
- 48251 f2 -f-25251

Collecting terms, we get a quadratic equation in f2.

Fgon . SRR W,
(20 +455) £, +(-295) - 45,5, - 45,S,)f,

2 g
+(S; +5,5,)° =0
2

Af2 +Bf2+D=0

_ (-Bx VB - 4aD)
74

f

2 (A-30)

A=20+45] (A-31)

= =205, - 45,5 -

2
192 %55,

. 2
D= (S] +5,S,)
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Summary of Results

Given:

C=

L=

Uoo’ Phase Shift between subarrays so that grating lobes

coincide with subarray pattern nulls.

o 2 U
sec ( oo)

U
L [e]e] ¢
sin — /sm(Uoo)

U
e _0O
cos —= /cos (Uoo)

et B D
-295; - 4875, - 455,

2 2
(Sl 7 SlSZ)

(-B + V}BZ—4AD y/(2A), or (-B - ‘/BZ-JAD) /(24)

or e

= 2yt 2l4

4 »

= _fOfS/(fZ + f4)

fo(f2 'f4)/(f2 +f4)

R = f2-f4



\
tanoy = tan&, = -f4/f3
cosa, = fz/(fz-f4)
sin@, = sin® * ABS ( VI-cosza /sinc. )
’ DAy 2 1
2. Grating Lobe Locations

The grating lobes must be suppressed by the subarray pattern in order
to assure low sidelobe operation. To estimate the resultant sidelobe level, it
is only necessary to determine the location of the grating lobes and the value of
the subarray pattern at the grating lobe locations. The grating lobes are given
by the following formula:

ejkDy(sin 8, -sin Gm) 4
or

kDy (sing_ -sin 8 ) = 2nm
4 S ™

The integer n gives the numbering index of the grating lobe. n=0 gives the main

beam. Solving for B2

The relation, k = 2m/A, has bc -n used. The grating lobe locations for scan
angles of -8°, 0° and +8° are tabulated in Table A.1 with element spacing as

a parameter,

3 Numerical Results

A series of subarray amplitude distributions were computed from the
derived results in the previous sections; furthermore, the far field subarray

patterns were also computed. The first set of subarray patterns as shown in
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TABLE A.1 — GRATING LOBE LOCATIONS

Bq = O sing; = -.1391
6p = -8°

1.2% (n %?)‘ sinbg 5 singg 85
2.55 1 h8k3 k843 28.98% .35 20.19°

2 .9687 .9687 T5.82° .8296 56.05°

al 5145 5145  30.96 375k 22.05
2.41

2 1.029 1.029 > oo° 8899 52.86

T 5486 5486  33.27 4095  24.17
2.25

(18]
'
H

176

=
a
=3
(O}

=

\0
(0)]
o)
n

.
\Ji




Figures A.2 and A.3 are for perfect coincidence of grating lobes and subarray
pattern nulls at various scan angles in which the progressive phase is U, The
subarray patterns in Figure A,2 are for negative values of f3, and those in
Figure A, 3 are for positive values of f3. The cross hatched areas are angular
sectors which contain the grating lobes. From observation of the subarray
pattern shape, it is apparent that negative values of f3 are preferred over
positive ones. In addition, Uoo camnot exceed 60° if the first sidelobe of the
subarray pattern is to be under -20 dB. In any case, none of the possible cases
can provide grating lobes of -20 dB.

Slight perturbation of amplitude weighting coefficients are possible

by altering the coupling coefficients of the 1:3 power divider in the following

manner:

The 3:3 matrix remains unchanged.

The subarray patterns corresponding to Uoo = 60° for various pertur -
bation factors, Y, are shown in Figure A.4. This slight perturbation on f's
provides some equalization of the various grating lobe magnitudes. However,

the additional benefit on grating lobe suppression is not significant,

L7




It appears that the only effective means of obtaining grating lobe
suppression of -20 dB is to reduce the element spacing. Figure A.5 gives
the subarray pattern< as a function of element spacing from 2,11 to 2.71 inches
(A =1.24 inch). In all cases, the highest grating lobe falls within the main
lobe of the subarray pattern. To obtain grating lobe suppression of -17 dB,
element spacing of 2,11 inches must be used. Consequently, low grating lobe
level is bought at significant reduction of element spacing or increase in the

number of subarrays.
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APPENDIX B — DETERMINATION OF TRANSMISSION COEFFICIENT
BETWEEN ELEMENTS IN FEED ARRAY AND RECEIVE ARRAY

3 [ Two-Dimensional Array

The power absorbed by a perfectly matched element in a two-dimensional
array is equal to the incident power density times the elemental area, The antenna

gain is therefore:
2
G = 47A/X (B-1)
where A is the effective area of the element.

The power transmission coefficient between an element in the feed array

and an element in the pickup array is given by Silver6 as:

p G.G N2
P (B-2)
i 16m R

Substitution of (B-1) gives:

P AT
e 20 (8-3)
i R™x
If a square element lattice is assumed, the pertinent areas are
L2
At =4
A_=d?
T
Consequently,
Pr _ ad? g
A S8
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The transmission coefficient when the pertinent elements are directly

facing each other is

A ;
g(m, p) = 5 (B-5)

In general, the line of sight is not normal to the plane of the arrays and (B-5)

should be modified to yield
g(m, p) = ﬁ—i cos §; cos €, (B-6)

In the above R is the distance between the two elements in question
and 8, and 8, are the angles between line of sight and the normal to the arrays.
The factors cos 61 and cos 8, can be identified as the active element
patterns of two arrays whose impedances are perfectly matched. In the event

that the impedance of either one or both arrays are not matched, equation (B-6)

can be generalized to include these cases:
- Ad "

In which Sl(e) and Sz(e) are the normalized active element patterns,

Vi Linear Arrav
The derivation of the transmission coefficient in this case is parallel
to that for the two-dimensional array. Assuming the radiation pattern to be

given by (see Slater7).

sin(d/A) sin @

F=cosg= T/ Vsne (B-8)

Slater has shown that the radiation pattern of a rectangular area of uniform
current distribution assumes the above form. Since the aperture with uniform

distribution has maximum gain, the aperture is also matched.
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The gain is

| G = F2/F2 = 2nd/A

or
d = A/2nG (B-9)

where F2 is the averaged power pattern.
It follows that the transmission coefficient in the case of normal

incidence is,

g(m, p) = % (B~10)
For oblique incidence the above formula is modified to yield

g(m, p) = % cos 8y cos 8, (B-11)
When the arrays are not matched, the following formula must be used.

g(m, p) = c111%‘51(9) A (B-12)
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APPENDIX C —ACTIVE ELEMENT PATTERN OF AN ELEMENT IN
THE REGULARLY SPACED ARRAY

It is well known that for a perfectly matched array, the element gain8
is
g(e) = 4—m2A‘- cos 9 (C-1)
X

Thus, the active element power pattern is

s%(g) = cos 6 (C-2)

When the array is scanned over the angular range in which no grating lobes are
formed, it is possible in principle to match the antenna array perfectly, and this
perfectly matched condition is closely approached in practice. However, when
grating lobes are formed, the antenna array on receive cannot be matched
perfectly even though it may be perfectly matched on transmit. This phenomenon
is quite analogous to the matching condition for a reactive tee junction in which
the sum arm may be matched while the branch arms are not. The sum arm is
equivalent to the transmission line mode within the feed lines of the antenna
array, while the branch arms are equivalent to the space modes of the main
beam and grating lobe. It has been our experience that antenna arrays can be
matched on transmit in spite of presence of grating lobes, Under this matched
condition, the active element pattern at scan angle in which the main beam and

grating lobe are both at the same polar angle is given as

2 cos 61
Sgs, =~ (C-3)
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A well matched array in general possesses a well behaved active
element pattern. Thus, it is reasonable to approximate the actual active
element pattern by a straight line between the scan range of 8, to 8y and
perhaps slightly outside this range if necessary. ¢ = denotes the scan angle

in which the grating lobe appears at endfire. To surmmarize the empirical

active element pattern is

Sz(e)=cose e<|elseo

2 cosel cos 8 6,-6

8(a) = —g— + fevu g - — 1]. 51_—9 » 8,<08%9
1 "o

CoS § cos 8 6;~6
S'2(‘3)'=” 21+(coseo- 21)- ! » 8] <9<8,

s%(e) =0 8> s, (C-4)

8, is the angle in which the active element pattern as given by the third equation
is zero. A sample calculation has been performed on an antenna array in which
the element spacing is 0. 7A\. The measured and the computed patterns are

shown in Figure C-1. The agreement is remarkable.
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APPENDIX D —BEAM SWITCHING MATRIX LOSSES

The transmission loss through the beam switching matrix has been
estimated. The 1:2 and 1:4 X-band micromin switches shown in Figures D.1
and D.2 are assumed to be used as a basic element of the switching matrix.
Semiflexible cables (.141p diameter) are used to interconnect the various
switches, Cable lengths are estimated based on the size of the switch units
and the clearance required for crisscrossing the cables. Tables D.1 to
D. 4 show the parts list and the loss tabulation for the cases of 8, 16, 32
and 64 simultaneous beams, respectively. Table D,5 pertains to the case of
combining eight 2 x 2 beam clusters to provide eight simultaneous beams,

The estimated losses are rather high based on the mentioned switch ‘
design. In order to reduce these losses, more components within the switching
trees must be integrated into one single unit. For example, instead of forming
a 1:16 tree by connecting five =:4 switches, the 1:16 tree can be built on a single
substrate. Furthermore, instead of using .141 inch cables, quarter inch cable,
for example, may be used. Then, the line loss would be considerably lower;
however, the size of the beam switching matrix must also increase considerably.

Even if the low loss components are used, the total loss probably cannot be

reduced to a point where RF amplification is not needed.
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BIAS PLUG

1:4 SWITCH | i 1:4 SWITCH

-SPECIMEN DATE

Figure D.1. X-Band Micromin 1:8 Switch.
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DESIGN INFORMATION FOR X-BAND SWITCH (MICROMIN) (FROM BURNS AND CHARLTON)

. a2 i

PATH LENGTH = 3.5"
LOSS = 2 X (0.1446 X 3.5)
=1dB
1.4
I '
— 2.9 —
1: SWITCH

gy

fe———1.0———>

LINE LOSS FOR 5052 LINE = 0.07 dB/Ay4

A
Ag= —2— €4 = 6.6 FORw=0.025ON 0.025" ALUMINA AT
VEEFF 9.5 GHz, LOSS = 0.07 dB/0.4839"" = 0.1446
dB/IN. RULE OF THUMB = MULTIPLY THE
LINE LOSS BY 2 TO ACCOUNT FOR THE
DIODE LOSS.

Figure D.2. Micromin Switch Design Information
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TABLE D.1 —PARTS LIST AND LOSS FOR

Number of simultaneous beams = 8§ (s)

Number of groups =13 (m)

Number of beams in a group =16 (n)
Parts List Number of Units Loss per Unit, dB
First Level

Input cable, length 208, 6" .24

1P4T switch 65 I,

1P2T switch 0

Connecting cable, length 52, 7' .28
Second Level

Input cable, length 13,35 1.4

1P4T switch 26 i

1P2T switch 13 o3

Connecting cable, length 26, 4" .16
Third Level

Input cable, length 104, 25" i

1P4T switch 40 dvg

1P2T switch 0

Connecting cables, length 32,0 7 .28
Total

1P4T switch 131

1P2T switch 13

SPDT junctions 406

Number of cables- 435

Loss 6.66 dB
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TABLE D.2 — PARTS LIST AND LOSS FOR

Number of simultaneous beams

Number of groups

Number of beams in a group

Parts List

First Level

Input cable, length

1P4T switch

1P2T switch

Connecting cable, length

Second Level

Input cable, length

1P4T switch

1P2T switch

Connecting cable, length

Third Level

Input cable, length

1P4T switch

1P2T switch

Connecting cable, length

Total

1P4T switch
1P2T switch
SPDT junctions
Number of cables
Loss

= 16 (S)
=Eel3 (m)
= 16 (n)

Number of Units

Loss per Unit, dB

208, 6"
80
64, 7"
16, 35*
80
64, 7"
256, 30
80
64, 7"
240
720
672
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.24

.28
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TABLE D.3 —PARTS LIST AND LOSS FOR

Number of simultaneous beams = 32
Number of groups = =32
Number of beams in a group = 7

Parts List

First Level

Input cable, length

1P4T switch

1P2T switch

Connecting cable, length

Second Level

Input cable, length

1P4T switch

1P2T switch

Connecting cable, length

Third Level

Input cable, length

1P4T switch °

1P2T switch

Connecting cable, length

Total

1P4T switch
1P2T switch
SPDT junction
Number of cables
Loss

Number of Units

(S)
(m)

(n)

Loss per Unit, dB

224, 6"
64
32
64, 4"

32, B
320

32
320, 7"

1024, 30"
320

320, 7"

704
96
2208
1984
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1.4

2 x 1. (2 levels)
5]
<28

2.0
2 x 1. (2 levels)

3
528

10.26 dB




TABLE D.4 —PARTS LIST AND LOSS FOR

Number of simultaneous beams

Number of groups

Number of beams in a group

Parts List

First Level

Input cable, length

1P4T switch

1P2T switch

Connecting cable, length

Second Level

Input cable, length
1P4T switch

1P2T switch

Connecting cable, length

Third Level

Input cable, length

1P4T switch

1P2T switch

Connecting cable, length

Total

1P4T switch
1P2T switch
SPDT junction
Number of cables
Loss

193

Number of Units

= 64 (S)
= 64 (m)
= 4 (n)

Loss per Unit, dB

256,

64,
1280
192

1408,

4096,

1280
192

1408,

2624

384
8256
7232

6"

35 "

7"

60 "

7"

.24

1.4
2 x 1. (two levels)
2 x .3 (two levels)
.28

2.4
2 x 1. (two levels)
2 x .3 (two levels)
.28

10.8 dB




TABLE D.5 —PARTS LIST AND LOSS FOR

8 simultaneous beams, each by combining a 4 beam cluster

Parts List Number of Units Loss per Unit, dB
First Level
Input cables, length 208, 6" .24
1P4T switch 416 i
1P2T switch 208 w3
Connecting cable, length 416, 4" .16

Second Level

Input cable, length 1664, 35" 1.4

1P4T switch 480 2 x 1. (2 levels)

1P2T switch 256 2 x .3 (2 levels)

Connecting cable, length 704, 7" 3 x .28 (3 levels)
Third Level

Input cable, length 8%, T .28

Power combiner (1:4 feed) 8 a2
Total

1P4T switch 896

1P2T switch 464

SPDT junction 3152

Number of cables 3024

Loss 7.02 dB
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